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ART AND SCIENCE OF BUILDING IN 
CONCRETE: THE REINVENTION OF 
FERROCEMENT BY PIER LUIGI NERVI 


Mario Alberto Chiorino, Cristiana Chiorino 


* American Concrete Institute and Emeritus Politecnico di Torino ** 
Pier Luigi Nervi Project Foundation, Brussels 


SUMMARY: Recognized as one of the greatest and most inventive structural engineers of the 
twentieth century, Pier Luigi Nervi (1891-1979) was part of a glorious period in structural 
architecture. His masterpieces are scattered the world over. Nikolaus Pevsner, the 
distinguished historian of architecture, described him as “the most brilliant artist in reinforced 
concrete of our time.” Nervi shared the cultures of architects and engineers, operating at the 
intersection of art and the science and technology of building. He contributed significantly to 
create a real “poetry of concrete” reinventing ferricement.. It is not surprising that Nervi was 
nominated “Professor of Poetry” at Harvard, where he delivered the 1962 Charles Eliot 
Norton lectures titled “Aesthetics and Technology in Building.” His influence is seen in recent 
works in Italy and worldwide. 


KEY WORDS: Ferrocemento, Nervi, Italy, prefabrication, experimentatio 
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1. INTRODUCTION 


The diffusion of reinforced concrete in the early years of the twentieth century opened 
new horizons in the art of building and architecture. In Europe, the new technique had 
developed very rapidly thanks to the contribution of a few enlightened pioneers, 
builders, designers and researchers including Wayss and Koenen in Germany; Ritter 
and Morsch in Switzerland; Hennebique, Coignet, de Tedesco and Considére in 
France; and Guidi and Canevazzi in Italy. Since these early beginnings, scientific and 
technical progress went hand in hand with a search for a new aesthetics. 


Figure 1. Pier Luigi Nervi (1891-1979): within Palazzo del Lavoro (Courtesy 
Archivio Storico Fiat, Turin) 


Pier Luigi Nervi (1891-1979) (Fig. 1) was one of the greatest representatives of the 
subsequent phase of maturation of the technique that lasted well into the second half 
of the twentieth century. Like many of his predecessors, he was at once designer, 
builder, researcher and creator of new construction methods. He was also professor 
and lecturer in universities around the world and author of books debating the 
conceptual and technological foundations of construction, with particular regard to 
concrete ([1], [2], [3]). 


His use of the most advanced technical solutions was always accompanied both by 
the pursuit of formal elegance, and by close attention to the technical and economic 
aspects of the building process. Sharing the cultures of engineers and architects, Nervi 
operated at the very intersection between structure and architecture, and art and 
science of building. Architectural historian Nikolaus Pevsner described him in «A 
Master Builder», The New York Review of Books (3 march 1966) as “the most 
brilliant artist in reinforced concrete of our time”. With his stunning masterworks 
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scattered the world over, Nervi contributed to the creation of a golden age of what has 
become known as structuralism (Manfredo Tafuri, Francesco Dal Co, Modern 
architecture, translated from the Italian by Robert Erich Wolf, Publisher: New York : 
H. N. Abrams; Ist Edition edition, 1979) 


In 2009, on the thirtieth anniversary of his death, a broad research and educational 
program was promoted with the intent of disseminating Nervi’s cultural legacy and 
exploring the complexity of his extraordinary stature as a structural artist. The 
program culminated in the current international traveling exhibition “Pier Luigi 
Nervi-Architecture as Challenge” which highlights some of his most celebrated 
works. This article presents a synthesis of this comprehensive exploration of Nervi’s 
figure and oeuvre (Olmo & Chiorino 2010). 


2. EARLY CAREER AND WORKS 


Pier Luigi Nervi graduated in civil engineering at the University of Bologna, Italy, in 
1913 under the authoritative guidance of Silvio Canevazzi (1852-1918), one of the 
leading figures in Italy of the new technique of reinforced concrete, during a fertile 
period for scientific, technical and architectural debate. Like many of the pioneers 
who had preceded him, after an initial period of training in the technical office of a 
construction company, Nervi set up his own design and construction business in 1920. 
Nervi was to maintain this dual role of designer and builder throughout his life. 


Figure 2. Nervi’s first great work: the Berta Stadium in Florence, 1930. (Photo 
Mario Carrieri courtesy Pier Luigi Nervi Project Association, Bruxelles) 
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The stadium in Florence (1930, Fig. 2) was the first major work that attracted the 
attention of critics and the public, both in Italy and abroad. Besides its intrinsic beauty, 
characterized by the elegance and strong visual impact of the curved tapered corbels 
of the cantilevered roof and the spatial sculptural forms of the helicoidally warped 
stairs, Nervi won the competition on account of the estimated low cost of construction. 


Figure 3. Hangars in Orvieto, 1935 (a) and Orbetello, 1940 (b). (Courtesy 
Maxxi, Rome, Pier Luigi Nervi Archives) 


From 1935 to 1940, a series of large hangars was built for the Italian air force at 
Orvieto and Orbetello (Fig. 3). Nervi's designs were probably inspired by hangars and 
temporary exhibition halls constructed in steel or laminated wood using a network of 
intersecting geodetic frame elements (primarily in Germany: Junkers and Zollbau 
systems, respectively). Another likely influence was a new concept in aircraft design, 
based also on the use of intersecting geodetic aluminum alloy frame elements (e.g. in 
the Vickers Wellesley and Wellington aircrafts, designed by Barnes Wallis in the 
early 1930s). Nervi designed a daring geodetic roof with intersecting reinforced 
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concrete arched ribs, which was dramatically simple in structural conception. The first 
group of hangars was built using traditional scaffolding and wooden forms for the 
concrete structure. Those that followed were built using prefabricated rib elements 
connected by cast-in-place reinforced concrete joints. 


Figure 4. Celluloid elastic models of the first and second series of hangars 
tested at the Model and Construction Testing Laboratory at the Politecnico di 
Milano (Courtesy CESI- ISMES Archives, Seriate, Bergamo) 


The use of prefabricated components would become a constant in Nervi’s work as he 
sought to exploit and maximize the great compositional and structural freedoms 
offered by this technology. The hangars were also the first structures for which, in 
addition to static calculations, Nervi had recourse to tests on reduced scale models. 
The tests were performed by Guido Oberti (1907-2003) at the Politecnico di Milano, 
Italy, in the Model and Construction Testing Laboratory created by Arturo Danusso 
(1880-1968), using celluloid elastic models at a 1:30 scale (Fig. 4). Nervi would 
maintain this procedure for most of his later works. 


3. THE REINVENTION OF FERROCEMENT 


The technique of ferrocement had been originally developed by Jean Louis Lambot 
in 1846, at the very dawn of reinforced concrete, to produce a "ferciment" boat hull. 
The hull comprised a thin layer of concrete reinforced with a thick mesh of small 
diameter wires, and it exhibited remarkable ductility and resistance to cracking ([4]). 
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Figure 5. Nervi reintroduced the use of ferrocement. Experimental warehouse in 
ferrocement, La Magliana, Rome, 1945 (Courtesy Maxxi, Rome, Pier Luigi Nervi 
Archives) 


After using it for an experimental warehouse at the site of his construction company 
at La Magliana, near Rome, Italy, and also for the hulls of small ships (Fig. 5a, b), 
Nervi made extensive and innovative use of ferrocement in his most daring projects. 
He is thus credited as the re-inventor of this technique. Nervi used ferrocement to 
mold prefabricated elements of various shapes. These prefabricated elements were 
then connected by cast-in-place concrete. 


Figure 6. Central hall (Hall B) of Turin Exhibition Complex, Turin, 1948. 
(Photo Mario Carrieri courtesy Pier Luigi Nervi Project Association, Bruxelles) 
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Figure 7. Sports Palace in Rome, P.L. Nervi with Marcello Piacentini, 1958-60 
(Courtesy Pier Luigi Nervi Project Association, Bruxelles) 


Figure 8. Hall C of Turin Exhibition Complex, Turin, 1950 (Photo Mario 
Carrieri courtesy Pier Luigi Nervi Project Association, Bruxelles) 
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Figure 9. The small Sports Palace in Rome, Italy, 1957 P.L. Nervi with Antonio 
Vitellozzi,. The elegant pattern of the concrete ribs seems to be inspired by the 
geometrical network of a sunflower core. (Photo Mario Carrieri courtesy Pier Luigi 
Nervi Project Association, Bruxelles) 
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Figure 10. St. Mary’s Cathedral, San Francisco, CA, 1963-71, P.L. Nervi with 
Pietro Belluschi, McSweeney, Ryan & Leew and Leonard F. Robinson (structural 
engineer). (Photo Mario Carrieri courtesy Pier Luigi Nervi Project Association, 
Bruxelles) 


In his first important post-war work—the astonishing central hall (Hall B) of the Turin 
Exhibition Complex (1948, Fig. 6)—Nervi used ferrocement to make the precast 
undulating elements for the hall’s magnificent, transparent, 94 m span barrel vault. 
The same type of undulating elements were used for the grandiose ribbed spherical 
cap dome, with a diameter of almost 100 m, of the large Sports Palace in Rome (1960, 
Fig. 7). For the 55 x 157 m dome of Hall C of the Turin Exhibition Complex (1950, 
Fig. 8), the precast ferrocement elements are 20 mm thick, diamond-shaped tiles that 
were assembled and then served as formwork for cast-in-place concrete on their upper 
surfaces and within the contact channels formed at the tile edges. The result is a 
particularly elegant mesh of reinforced intersecting ribs. The same pattern 
characterizes the structural fabric of the vaults and domes of some of Nervi’s most 
famous later works: the Kursaal at Ostia (1950), the Ballroom at the Chianciano Spa 
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(1952), the small Sports Palace in Rome (1957, with Antonio Vitellozzi, Fig. 9). In 
all of these buildings, Nervi was responsible for both the design and construction. 


This system came to be known as the “Nervi System” and would be applied by Nervi 
even in the United States. However, in reality the “Nervi System" was more a 
trademark than a real building system, since it ran into difficulties in contexts where 
labor and manufacturing were not as cheap as in postwar Italy: in the Leverone Field 
House and Thompson Arena at Dartmouth College in Hanover, New Hampshire 
(1962, with Campbell and Aldrich, 1976); the Norfolk Scope Arena in Norfolk, 
Virginia at the time, the largest dome in the world with its diameter of 135 m (1965- 
71, with Williams and Tazewell & Assoc.); and St. Mary’s Cathedral in San 
Francisco, California (1963-71, with Pietro Belluschi, Fig. 10). In this last work, the 
ferrocement tiles and the mesh of concrete ribs adapt to the elegant hyperbolic 
paraboloid surfaces of the dome, a signature feature of the city’s skyline. 


In the Gatti Wool Mill (Rome, Italy, 1951), the precast tiles are used to build a flat 
floor. The design of the rib pattern on the ceiling is derived from the lines of the 
principal bending moments, again resulting in a particularly refined formal effect that 
is found in a number of Nervi’s subsequent projects. 


4. LATER WORKS AND INTERNATIONAL RECOGNITION 


Nervi’s first important work outside Italy was the UNESCO Headquarters in Paris, 
France (1953-58, in cooperation with Marcel Breuer and Bernard Zehrfuss). The 
principal architectural element of this building is the exposed concrete folded 
structure of the walls and roof. A series of other prestigious commissions followed. 
Besides those already mentioned in the previous section, the list includes: the George 
Washington Bridge Bus Terminal in New York City (1962); Montreal’s Victoria 
Square Tower, Canada, at the time the tallest reinforced concrete building (145 m) in 
the world (1961-66, with Luigi Moretti, Fig. 11); Australia Square and MLC Center 
Towers in Sydney (1964-72, with Harry Seidler); the hyperbolic paraboloid umbrella 
roofs for Newark International Airport, New Jersey (1971); the B.I.T. headquarters 
building in Geneva, Switzerland (1972); and the Italian Embassy in Brasilia, Brazil 
(1979). 


In Italy, the most celebrated works of this later period include: the 135 m tall 
reinforced concrete Pirelli Tower in Milan (1955-59, with Arturo Danusso and Gio 
Ponti, Fig. 12); the facilities for the 1960 Rome Olympics, including, besides the two 
above-mentioned Sports Palaces, the Flaminio Stadium and the Corso Francia 
Viaduct; the Palazzo del Lavoro in Turin (1959-61, Fig. 13), with its geometrically 
fascinating columns featuring striped slanting surfaces covered by a steel umbrella- 
like structure (designed by Gino Covre); the Ponte Risorgimento in Verona (1963- 
68); and the Papal Audience Hall in the Vatican (with Antonio Nervi, 1963-71, Fig. 
14). The latter project recalls themes developed twenty years earlier in the Turin 
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Exhibition Hall while enhancing them to create an imposing composition also 
characterized by the sculpturally highly effective shapes of the main supporting 
columns and of the ribbed ceilings of the proscenium. 


Figure 11. Victoria Square Tower, Montreal, Canada, 1961-66, P.L. Nervi with 
Luigi Moretti. (photo Mario A. Chiorino) 
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Figure 12. Pirelli Tower in Milan, Italy, 1955-58, P.L. Nervi with Arturo 
Danusso and Gio Ponti. (Courtesy Pirelli Archives, Milan) 


Figure 13. Palazzo del Lavoro in Turin, Italy. 1959-61, P.L. Nervi with Antonio 
Nervi and Gino Covre (Photo Mario Carrieri courtesy Pier Luigi Nervi Project 
Association, Bruxelles) 
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Figure 14. Papal Audience Hall, Vatican City, Rome, Italy, 1963-71, P.L. Nervi 
with Antonio Nervi. (Photo Mario Carrieri courtesy Pier Luigi Nervi Project 
Association, Bruxelles). 


5. EXPERIMENTATION 


Experimentation, including scale models and full-scale prototypes and mock ups, 
continued to play a major role in Nervi’s work. The scientific collaboration between 
Nervi and Oberti, initiated at the Laboratory of the Politecnico di Milano before the 
war, continued after 1950 within the new research laboratory of Istituto Sperimentale 
Modelli E Strutture (SMES), founded by Danusso in Bergamo with the support of 
Italcementi, the leading Italian cement corporation. 


Nervi and Oberti considered experimentation to be the best strategy to overcome the 
practical impossibility, at the time, of basing safety checks of complex constructions 
on adequately accurate and computationally feasible theoretical models ([1], [2]; [5], 
[6]). This strategy was also followed, not coincidentally, by other leading exponents 
of structural architecture in the twentieth century, including Eduardo Torroja, Franz 
Dischinger, Antoine Tedesko, Heinz Hossdorf, and Heinz Isler, to name a few. While 
the numerical modeling techniques that increasingly appeared in the late 1960s would 
have gradually opened new frontiers, it is fair to say that experimentation using 
models became, for Nervi and the above-mentioned protagonists, an extremely 
refined art form and an essential phase of the design path. Creating physical models, 
performing the tests and interpreting the results for the benefit of the design and 
structural assessment was an art form that required, almost in the same way as in real 
construction, the designer to be able to combine technological expertise and 
imagination - perhaps justifying Oberti’s frequent citation of the adage attributed to 
Michelangelo by Vasari: “The most blessed monies that are spent by those who would 
build are on models.” 


26 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT ANDTHIN FIBER 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 14 


One of the most complex models produced and tested within the ISMES facilities was 
of the reinforced concrete frame of the Pirelli Tower in Milan, Italy, modeled in 
1955/56. The nearly 10 m tall, 1:15 scale model (Fig. 15a, b) was produced in micro- 
concrete of pumice-stone and Portland cement and tested beyond service conditions 
up to failure, after a series of tests in the dynamic field to check the effects of wind. 
Other important testing programs at ISMES included models of the Victoria Tower in 
Montreal (Fig. 15c) and St. Mary’s Cathedral in San Francisco. In the latter case, a 
small-scale (1:100) model was used for the wind tunnel tests, two medium-scale (1:40 
and 1:37) resin models were used for static and dynamic tests in the elastic field (with 
special attention to seismic response due to the building’s location), and a large-scale 
(1:15) model constructed in micro-concrete was used for tests to failure under gravity 
loading (Fig. 16). It is of interest to note that the elastic tests for St. Mary’s were 
accompanied by checks using numerical models based on early applications of elastic 
finite elements analysis, made by the U.S. engineering studio of Leonard Robinson, 
the firm responsible for the final design. Nervi’s concrete towers in Sidney were tested 
in Australian laboratories and were the only two structures for which model testing 
was performed outside of ISMES. 


Figure 15. Test models: micro-concrete large-scale model (1:15) used for tests 
to failure for the Pirelli Tower, Milan, Italy (Courtesy CESI- ISMES Archives, 
Seriate, Bergamo) 
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Figure 16. St. Mary’s Cathedral, San Francisco, CA micro-concrete model 
(1:15) following the ultimate limit state tests under gravity loading. (Courtesy CESI- 
ISMES Archives, Seriate, Bergamo). 


6. PHILOSOPHY OF STRUCTURES: ART AND SCIENCE OF BUILDING 


When Nervi discusses the answer to the fundamental question Scienza o Arte del 
Costruire (the title of his most famous book Pier Luigi Nervi, Scienza o arte del 
costruire, Caratteristiche e possibilita del cemento armato, Edizioni della Bussola, 
Roma 1945) he undoubtedly emphasizes the priority of the intuitive moment in the 
conception of structural architecture, while acknowledging the importance of the 
mechanics of structural systems: “The conception of a structural system is a creative 
action only partly based on scientific data; static sensitivity entering in this process, 
although deriving from equilibrium and strength considerations, remains, in the same 
way as aesthetic sensitivity, an essentially personal aptitude.” ({1]) 


This vision that was shared by Torroja, one of the other great masters of structural 
architecture of the twentieth century, who declared a few years later in Razon y Ser 
de los Tipos Estructurales, “The birth of a structural complex, the result of a creative 
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process, the fusion of art and science, talent and research, imagination and sensibility, 
goes beyond the realm of pure logic to cross the arcane frontiers of inspiration.” ([7]). 


Both Torroja and Nervi thus prioritize the conceptual phase and artistic inspiration in 
the design process. They pay homage to the remarkable gifts of intuition and static 
sensibility of the builders of the past who, without any access to analytical methods, 
had produced extraordinary works. In this respect Nervi states: “The great built works 
of the past, and among them the Gothic cathedrals in particular, express in their whole 
and in their details the superior intelligence, the almost wondrous static sensibility, 
and the hardly imaginable sum of experience and practical skill that they required 
from their designers and builders.” [2]. It is interesting, however, that both Nervi and 
Torroja at the same time are acutely focused on making their projects feasible in terms 
of construction. In the various phases of the construction process they appear, in fact, 
to belong entirely to the polytechnic tradition which, developed from the 
Enlightenment onwards, was responsible, in the nineteenth and twentieth centuries, 
for a marked division between the system of engineers and the world of architecture. 


[8]. 


As the entirety of his work, including his writings and educational message, 
demonstrates, Nervi is intent on solving the dilemma expressed in the apparent 
contraposition of the two terms in the title of his book through their interconnection: 
Art and Science. He resets the two terms in the sequence in which he considers them 
to be: as the two fundamental poles of his approach to construction. It is this approach 
that constitutes Nervi's fame. Within this vision, Nervi expressed the fear that the 
requirement to use analytical models (the main computational tool available at his 
time) for the reliability assessments of structures might limit a designer’s 
inventiveness. This struggle for design freedom - already auspicated in the early 
heroic years of development of reinforced concrete by Félix Cardellach in his 
Filosofia de las Estructuras Cardellach 1906 - was also the principal justification for 
Nervi’s keen interest for the experimental research on mechanical scale models 
discussed above. 


At the same time, when, at the end of his career, Nervi was confronted with the new 
instruments of numerical modeling and computational mechanics in the design of St. 
Mary’s hypardome in San Francisco, he showed a vivid interest in the new horizons 
opened by these approaches. It is important to note that in Nervi’s philosophy, the 
original artistic concept for a structure needed to pass not only the fundamental 
mechanical and structural requirements,, but needed to make sense from the point of 
view of its construction: it had to meet technical and economical requirements. Like 
Félix Candela, who in those years was inspired by Nervi’s approach [10], Nervi is 
satisfied only when his design -conceived, as Torroja says, in the “arcane frontiers of 
inspiration”—is correct from both the technical and economical point of view. 
Costruire correttamente is, in fact, the title of Nervi's second famous book ([2]). 
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The true art of Nervi, and of the other eminent protagonists of structural architecture 
of the twentieth century that we have mentioned, is the ability to close the gap between 
art and technology to create spaces that border on poetry. (It is not by chance both 
Nervi and Candela were nominated Charles Eliot Norton professors at Harvard in the 
academic year 1961/62.) They do so without renouncing, in the conversion of the 
inspiration into a design and of the design into a construction, to the modus operandi 
of engineers, but rather emphasizing it with original and innovative contributions. 


7. PIER LUIGI NERVI: ARCHITECTURE AS CHALLENGE. AN 
INTERNATIONAL RESEARCH AND EXHIBITION PROGRAM 


A broad research-educational program on Nervi’s figure and work started in 2009, on 
the thirtieth anniversary of his death, and it culminated in the international traveling 
exhibition: Pier Luigi Nervi - Architecture as Challenge. The program, promoted by 
a foundation, the Pier Luigi Nervi Project Association (PLN), has the scientific and 
financial support of a broad and international alliance of universities, cultural 
institutions, and industry sponsors. The exhibition is based on a wide display of 
drawings, pictures and refined scale models of Nervi’s most celebrated works (Fig. 
17). It started its successful tour in Brussels, Belgium, in 2010 and continues well into 
2014. It is accompanied by a catalog assembling the results of the intense research 
program [11]; a reprint of Nervi’s famous book, Aesthetics and Technology in 
Buildings, containing the text of his Norton Lectures at Harvard [3], will be available 
in 2014.This extended program of analysis and critical appraisal of Nervi, and the 
dissemination of his cultural legacy, are expected to offer a significant contribution to 
the present intense debate on the role of formal inventiveness in the design of 
structures and, in a broader perspective, to the dialogue between architecture and 
engineering. Advanced instruments for the computational analysis of structures and 
for structural morphogenesis and form-finding processes, seem to offer unlimited 
freedom to architects and engineers; to use the prophetic words of Cardellach, they 
promise “new and infinite structural forms which surely exist in that mysterious area 
from where the beam, the arch, the frame and the cantilever were laboriously extracted 
by the expert hand of mechanical visionaries.” [9]. 


The sense of almightiness, or, inversely, of bewilderment that may derive from this 
apparently unconstrained freedom will certainly benefit of the possibilities offered by 
the deep critical exploration of the art and philosophy of some of the eminent 
protagonists of modern construction technologies. Pier Luigi Nervi is certainly one of 
the most outstanding figures in this group, and the recent research and exhibition 
program centered on his person and work are intended to also contribute to this debate. 
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Figure 17. International Exhibition “Pier Luigi Nervi — Architecture as 
Challenge” in Turin Exhibition Hall, 2011 (Photo Davide Chemise) 
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SUMMARY: A brief summary of milestones in the field of ferrocement since its birth is first 
presented. It identifies two main periods, one dormant period about a century long, and a 
subsequent slow revival period to date. The initial patent relationship between ferrocement 
and reinforced concrete is clarified. While progress has definitely been commendable at every 
level (materials, applications, construction methods, performance, ...), it is nevertheless 
hindered by the lack of a universally accepted building code dedicated specifically to 
ferrocement, and supported by a universally accepted authoritative umbrella organization 
such as ACI, fib, or Rilem. Because this critical need was not being fulfilled, the 
International Ferrocement Society was founded in 1991by a group of dedicated scholars and 
charged in priority with the most pressing goal to develop a building code. The Ferrocement 
Model Code was published in 2000 and while it represents a solid start it is still in need of 
acceptance by building inspectors worldwide. It is unfortunate that the lack of funding or 
endowed funding has been very detrimental to the full progress of ferrocement and its 
potential, and, as a result, has not served the branch of society that could most benefit from it, 
the public and more particularly its less fortunate component, such as amateur and self-help 
builders. 


KEY WORDS: history, bending resistance, concrete, model code, iron wire, mesh, textile, uhpc 
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1. INTRODUCTION 


Thin reinforced cement-based composites such as ferrocement and TRC (textile 
reinforced concrete) form a special category within the broader family of reinforced 
concrete. Such composites can provide slender, light-weight, durable solutions in 
many structural applications and are often cost competitive with respect to their 
methods of production and material/structural properties. Their current applications 
cover both marine (boats, pontoons, docks) and terrestrial structures, as well as 
repair-rehabilitation for both types. Marine structures also cover floating structures 
such as floating houses on river banks or in areas prone to flooding. Terrestrial 
structures include mostly small containment structures (silos, water tanks, waste 
containment and treatment vessels), and structural and non-structural components 
for various types of construction (housing, school facilities, agricultural structures, 
and water channels). A limited number of larger size structures using ferrocement 
have been built and the trend is increasing but, unfortunately, it is constrained by 
legal construction issues (mostly because of a lack of a widely accepted building 
code). Indeed, while there is a building code for ferrocement developed by the 
International Ferrocement Society [3], its use is limited by the fact that it is not yet 
adopted and sponsored by large worldwide organizations such as ACI (the American 
Concrete Institute), fib, or Rilem. 


2. BRIEF HISTORY OF FERROCEMENT 


In 1824, manufactured Portland cement was invented by Joseph Apsdin (England) 
and became widely available on the market for various applications; at the time, iron 
wires with some ductility, in the range of 1 mm to 5 mm in diameter, and fencing 
nets, were also available. 


While natural cementitious pozzolanic materials were used in construction in the 
form of mortar since Roman times, and while iron has been used since the Iron Age, 
the idea of combining them to develop a self-contained (composite) construction 
material came only in the mid 19" century. Indeed in 1848-1849 Joseph Louis 
Lambot, a Frenchman, built two small ferrocement row-boats using iron wires 
arranged into a net like a flexible woven mat to form a skeleton, then added a 
fencing wire net, and then plastered the resulting structure with a cement mortar. 
The boats were respectively about 3.6 m and 3 m long, 1.3 m wide and with a shell 
about 38 mm thick. This makes ferrocement truly the first invention of reinforced 
concrete, all but on a smaller scale. 


The initial definition of ferrocement can be drawn from the French patent 
application submitted by Lambot in 1852. The patent for "fer-ciment," which 
translates into "iron-cement,"” contained the following description [5]: 
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My invention shows a new product which helps to replace timber where it is 
endangered by wetness, as in wood flooring, water containers, plant pots etc... . 
The new substance consists of a metal net of wire or sticks which are connected 
or formed like a flexible woven mat. I give this net a form which looks in the 
best possible way, similar to the articles I want to create. Then I put in 
hydraulic cement or similar bitumen tar or mix, to fill up the joints. 


Lambot disclosed his patent at the Paris exhibition in 1855 by showing one of his 
boats. The first boat is now at the Brignoles museum in France. Lambot also used 
ferrocement to build large flower pots and other horticultural objects. 


2.1 The Beginning of Ferrocement and Reinforced Concrete 


Working independently of Lambot, it seems that Joseph Monier, a gardener, started 
as early as 1849 building for the city of Paris, France, large flower pots and garden 
tubs made out of cement and embedded iron mesh. Monier kept improving his 
technique with time. Much later, starting in 1867, he took a number of patents for 
iron-reinforced concrete troughs, pipes, basins, applicable to horticulture and, 
eventually leading to beams, slabs, and bridges. One of Monier’s key contributions 
was his inquiry and understanding that concrete is weak in tension and that the 
tension region within that concrete is the preferential place where iron rods should 
be placed. 


In 1852, about 3 years after Lambot and Monier, Francois Coignet, a French 
Industrialist, started experimenting with the idea of using iron rods in bulk concrete. 
As a publicity stunt he built in 1953 in St. Denis’s northern suburb of Paris, a three- 
story house whose structure was made entirely out of concrete and iron bars. He 
called his material “beton arme”in French, which means literally “concrete 
reinforced”; although the design did not follow the principles of modern 
“reinforced concrete”, compared to Lambot’s and Monier’s inventions, his can be 
considered the first application of reinforced concrete in a large structure. In 1998, 
Coignet’s house, still standing, was classed as world patrimony and has become a 
historical monument. Starting in 1856, Coignet took a number of patents and built 
several large structures using reinforced concrete still standing today, among which 
the “aqueduct de la Vanne” (1867 to 1874) near Paris, and the lighthouse of Port 
Said in Egypt. He became famous in the engineering-building profession. 


In the history section of many books on reinforced concrete, often the name of either 
Lambot, Monier or Coignet is mentioned as the first inventor of reinforced concrete. 
However, based on facts, Lambot developed the first application on a small scale 
(cement mortar with iron wire reinforcement), but both Coignet and Monier (in that 
order) scaled the application up to what is reinforced concrete, today the most used 
construction material in the world. 


An excellent review of the history of ferrocement by J.E. Morgan and R.G. Morgan 
can be found in the proceedings of Ferrocement 6, the Sixth International 
Symposium on Ferrocement, dedicated to Lambot [4]. They report in particular that, 
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in 1854, William Wilkinson, a builder in New Castle (UK), took a patent for 
embedding in floors or beams of concrete a network of flat iron bars; this is another 
possible example of the earliest origins of modern reinforced concrete. 


The technology of the second part of the 19th century could not accommodate the 
efficient and cost effective production of steel wire meshes, and small diameter 
wires were much more expensive than larger diameter rods. Therefore, larger 
diameter iron or steel rods were increasingly used, leading to a shift in interest by 
the engineering profession from ferrocement to standard reinforced concrete 
construction. Thereafter, reinforced concrete shadowed ferrocement and became the 
material of choice for construction worldwide. 


2.2 First 100 Years in the History of Ferrocement: Dormant Period 


Following the realization that the idea of “ferrocement” can be expanded on a much 
larger scale leading to reinforced concrete, the development of ferrocement slowed 
down considerably. Some milestones are worth mentioning (Fig. 1). 


In 1887 a Dutch man, Mr. Boon, built a small craft of ferrocement, the Zeemeuw (or 
seagull) and several barges of reinforced mortar to carry ashes and refuse on water 
canals. The Zeemeuw was reported to be still floating in a pond at the Amsterdam 
zoo in 1968. It is currently displayed in the lounge of the Vereniging Nederlands 
Cement Industries’ office in Amsterdam. Similarly in Italy, Gabellini (1996) built a 
ferrocement boat and promoted the use of ferrocement on a wider scale [4]. 
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Figure 1. Some milestones during the development of Ferrocement until 1970. 


Interest in ferrocement was still slow but steady. During World War I (1914-1918), 
seemingly inspired by ferrocement applications, relatively large ships and barges 
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were built with reinforced concrete, and this was again attempted during World War 
II (1939-1945) due to shortages of materials, particularly steel. Such applications 
were not successful in their function and, by today’s standards, can mostly be 
described as failures. However, because the idea of concrete boats was primarily 
associated with ferrocement, such failures did not help the cause of ferrocement. In 
effect, ferrocement was almost forgotten and all activities focused on the full 
development of reinforced and prestressed concrete with related codes, standards, 
guidelines, how-to guides, etc... worldwide. 


2.3 Revival Period and Modern Developments: 1940’s — 2020’s 


The right section of Fig. | illustrates the first part of what could be described as the 
beginning of the revival of ferrocement. In the early 1940’s, Pier Luigi Nervi, an 
Italian engineer-architect, revived the original concept of “ferrocement” by 
proposing that ferrocement be utilized to build fishing boats [11]. He pointed out 
that the distribution of reinforcing meshes in concrete produces a material with 
approximately homogeneous mechanical properties, capable of resisting high 
impacts. Following some preliminary tests on slabs, he showed that ferrocement 
possesses exceptional elasticity, flexibility, strength, and resistance to cracking. In 
1943 ferrocement received acceptance by the Italian Navy. Nervi demonstrated his 
pioneering work by using ferrocement in several architectural applications, such as a 
storage warehouse and the roof of the main exhibition hall in Turin (1948). Most of 
these structures are still standing today. Shortly after the Second World War, Nervi 
demonstrated further the potential of ferrocement by building a 165 ton motor-sailor 
Trene using a ferrocement hull of thickness 35 mm, which is slightly less than that 
of a wood hull. The Jrene proved entirely satisfactory. The boats and structures built 
by Nervi were appreciated only a couple of decades later, time at which the 
durability and serviceability of ferrocement could be ascertained by the engineering 
profession. Today the Pier Luigi Nervi Organization [13] aims to work at preserving 
most of these structures and providing documentation about their history and 
construction. Detailed information can be found in several reports and publications 
such as by Olmo and Chiorino [12, 2]. Also, at time of this writing, a group of 
researchers at Politecnico Torino is involved in a broad research project to evaluate 
and rehabilitate several of Nervi’s still standing large structures with particular 
attention to mitigating corrosion and improving seismic resistance. [see paper by R. 
Ceravolo in these proceedings]. 


Figure 2 describes some milestones in the development of ferrocement over about 
five decades starting in 1970, a period considered part of its modern revival. Likely 
because of Nervi’s contributions (Fig. 1), ferrocement achieved wide acceptance in 
the early 1960’s for boat building of moderate sizes in the United Kingdom, New 
Zealand, Canada and Australia. In 1968, the Fisheries Department of the Food and 
Agriculture Organization (FAO) of the United Nations started ferrocement boat 
building projects in Asia, Africa, and Latin America. Other countries followed, 
including the Soviet Union, China, and several countries in South-East Asia. In 
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1972, the US National Academy of Science formed a panel to report on the 
application of ferrocement in developing countries [10]. One of the 
recommendations of the panel was to establish a worldwide center to collect, 
process, and disseminate information on ferrocement. Subsequently, in 1976, the 
International Ferrocement Information Center (IFIC) was established at the Asian 
Institute of Technology (AIT) in Bangkok, Thailand. In 1975, the American 
Concrete Institute formed Committee 549, Ferrocement still active today under the 
name Thin Reinforced Cementitious Products and Ferrocement. In 1991, the 
International Ferrocement Society (IFS) was established (with headquarters at AIT 
in Bangkok). It is still active today with a US location (www.Ferrocement-IFS.com). 


AIT AIT ; 
Bangkok Bangkok > Terrestrial Structures have surpassed 


Marine Structures; 
Plus Repair and Rehabilitation 


> Larger Size Structures 
(Yambu, Saudi Arabia; Siger (Indonesia); 


Niarchos (Greece) 


FERROCEMENT 


1970 1985's > 1998 > 2000 
FRP meshes, Textile Ferrocement 


fabrics for Reinforced || Model Code 
thin cement Concrete (IFS) 
composites (TRC) 


Figure 2. Milestones during the revival period of ferrocement up to date. 


Today ferrocement is widely accepted and utilized. Technical information (reports, 
documents, guides) on ferrocement can be obtained from the American Concrete 
Institute, RILEM, IASSS, IFS and many ferrocement national centers, such as in 
India and Brazil. IFS attempts to act as a repository of all information related to 
ferrocement, including research, applications, guidelines, codes and other. It also 
organizes symposia, seminars and courses where the science and technology of 
ferrocement are taught. 


3. ACI DEFINITION OF FERROCEMENT 


The following definition of ferrocement was given by ACI Committee 549 in a 
state-of-the-art report on ferrocement (ACI 549R) first published in 1980 and still 
active (updated) at time of this writing [1]: 


Ferrocement is a type of thin wall reinforced concrete commonly constructed of 
hydraulic cement mortar reinforced with closely spaced layers of continuous 
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and relatively small size wire mesh. The mesh may be made of metallic or other 
suitable materials. 


This definition, while quite general, is surprisingly close to the initial definition of 
ferrocement described by Lambot (see Section 2). 


Based on past experience and advances in ferrocement, the author suggested adding 
the following two short sentences to the ACI definition [5]: 


The fineness of the mortar matrix and its composition should be compatible 
with the mesh and armature systems it is meant to encapsulate. The matrix may 
contain discontinuous fibers. 


Note that the ACI definition of ferrocement encompasses the use of non-metallic 
reinforcements and thus also covers textile reinforced concrete (TRC). However, it 
is generally believed that the two systems are sufficiently different (such as in their 
mechanics, bond, modeling, and other compatibility issues) to warrant different 
approaches [6, 8], but they are also still part of the same family. 


4. EVOLUTION AND PROGRESS 


In prior publications [7, 8, 9] the author had summarized key advancements in the 
field of ferrocement since its modern development in the1960’s. At that time a shift 
took place whereas ferrocement, which was seen then as a marine material for 
amateur boat building evolved into a construction material for terrestrial applications 
as well, particularly starting with small scale agricultural structures. Below is a brief 
summary of some key issues discussed. 


1. Evolution in Cement Matrix. Here the most notable progress relates to 
changes in the composition and workability of the cement mortar matrix as 
modified by various additives or agents; also, its compressive strength which 
was commonly in the range of 15 to 30 MPa, can today exceed 200 MPa in the 
case of UHPC (ultra high performance concrete). Furthermore, with UHPC like 
matrices, the fineness of the matrix and is flow-ability can be ideal in 
ferrocement mold-cast applications and for excellent surface finish. This could 
be an expanding application in the future. 

2. Evolution in Reinforcement. Here progress has been quite impressive on 
several fronts. Initially the reinforcement consisted mostly of chicken wire 
mesh (also called hexagonal mesh or aviary mesh) made with relatively low 
tensile strength steel wire (about 300 MPa); it evolved into stronger forms of 
square woven or welded meshes and more cost-effective ones such as expanded 
metal mesh. Today the choices are many and include the use of very high 
strength steel wires or stands (exceeding 2000 MPa) in mat formats, 3D steel 
meshes (limited commercial availability), 2D or 3D textiles with non-metallic 
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Numerical analysis of stress and strain evolution of RC beams reinforced by TRC subjected to 
thermomechanical loading in case of fire 
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ABSTRACT 
This work was assessed by a multi-scale numerical approach for reinforced concrete (RC) structural elements 


strengthened by TRC (Textile Reinforced Concrete) composites under thermomechanical loads in case of fire. Initially, this 
study addressed at a macro-scale the structural behaviour of TRC strengthened reinforced concrete (RC) beams under fire. 
Then, based on the obtained numerical data (strains, stresses and temperatures), a more substantiated understanding of the 
thermomechanical phenomenology was established. The results and conclusions drawn from this numerical study showed a 
close link between the local behaviour at the level of the steel/concrete and TRC/concrete contact zones and the overall 
structural behaviour of structural elements under thermomechanical loads (case of fire). 


KEYWORDS: Textile reinforced concrete (TRC); structures on fire; ISO 834; numerical modelling; reinforced concrete 


beams. 


1. 


INTRODUCTION 


In view of the fire vulnerabilities of the composites with a polymer matrix (Fibre Reinforced Polymer — FRP), 
interest has been focused on FRiB (Fiber Reinforced inorganic Binder) [1] and TRC (Textile Reinforced Concrete) 
or TRM (Textile Reinforced Mortar) [2]. These materials are new generation composites based on cementitious 
matrix [3]-[7]. TRCs drew their mechanical advantages from the combination of mortar and continuous textile 
grids. These materials showed a particularly remarkable fire resistance compared to other composite materials 
based on polymer matrix. Moreover, the relatively ductile behavior of TRC gave the reinforced concrete structural 
elements an optimized mechanical load transfer between the heavily loaded structural parts and the least loaded 
ones. At room temperature, TRC strengthened structural elements were widely studied in the current literature. 
Some studies [7]-[9] had all highlighted remarkable strengthening capacities of the TRC in bending 
configurations. In the current state of the art, few studies have addressed the TRC in the context of 
thermomechanical structural strengthening. As mentioned above, the interest in the TRC strengthening capabilities 
against fire is in its early stages. Some experimental studies were carried out in this regard; however, they were 
mainly focused on the material aspects. (Douk et al [10] have numerically studied effects of TRC thickness and 
thermal loading rate on thermomechanical behaviour of reinforced concrete beams with and without textile 
reinforced concrete (TRC) strengthening. To the best of authors’ knowledge, in literature, no numerical study 
focusing on the effect of mechanical loading levels on thermomechanical behaviour of reinforced concrete beams 
with and without textile reinforced concrete (TRC) strengthening has been investigated. For this reason, the authors 
have focused on the problem mentioned above and showed the numerical results in this paper. 

In this study, initially, two numerical models of a reference RC beam (without TRC strengthened) were 
implemented and then validated through a numerical-experimental confrontation (i.e. temperature fields and the 
RC beam mid-span deflection evolution). Once the model was validated, a thermo-mechanical model of a TRC 
strengthened beam was implemented by introducing a TRC layer in the first validated model. It is important to say 
that the primary objective of this study was exploratory at first, then the findings of the first part were used to 
investigate the sensitivity of TRC strengthened systems in function of mechanical service load levels. In the 
following sections, the numerical approach, thermal loadings, thermal and physical properties of the constitutive 
materials are presented. Thereafter, the results of the numerical models are discussed. Finally, the main conclusions 
are presented. 
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2. Experimental specimens used for numerical modelling 


Two experimental studies ({11] and [12]) were selected to validate numerico-experimentally the thermo- 
mechanical model. These studies were considered as they provided a complete set of thermo-mechanical 
properties of the materials used. Also, the application order of the mechanical and thermal loads in these studies 
recreates the actual loading order during a fire incident (mechanical loading then thermal one). In addition to 
this, the size of the specimens is of a structural scale as opposed to the majority of the experimental studies 
where the specimen’s dimensions are restricted by the size of the test furnaces. 

As mentioned above, the experimental loading tests were carried out in a certain order. First, a mechanical 
displacement was applied to the test specimen until the desired force was reached. Then the test furnaces were 
ignited, and their temperatures were monitored so that it followed a real fire temperature evolution (according to 
the fire curve standard, ISO-834, Fig.1). Accordingly, to maintain realistic test conditions, mechanical loads 
were kept constant during heating. Table | and Fig. 2-3 highlight the information about the geometry, thermo- 
mechanical loads and properties of the specimens tested in the experimental studies. 
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Fig. 1. Temperature evolution with time of the ISO-834 curve 
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Fig.2. Geometry of “Test Specimen 1” (configuration B1) [ 11] 
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Fig. 3. Geometry of “Test Specimen 2” (configuration B2) [ 12] 


Table 1 Specific information about the experimental test specimens (experimental data sources: [11], [12]) 


Test Specimen 1- configuration B1 [11] 


Test specimen 2- configuration B2 [12] 


Concrete strength 30,1 32 
(MPa) (mean value) 
Steel strength 500 542 


(MPa) 


Thermal load 


ISO-834 (lateral and bottom surfaces) 


ISO-834 (lateral and bottom surfaces) 


see Fig. 2 see Fig. 3 
Mechanical load 24 kN (4-point bending test) 50 kN each force (4-point bending test) 
see Fig. 2 see Fig. 3 


3. Numerical methods 


3.1. Mechanical loads 
3.1.1. Configuration BI [11]( Carlo et al, 2018) 


The mechanical load applied on this configuration was replicated similar to one applied in the experimental 
study [11] from which it is derived. The mechanical loading involves the application of two forces to the upper 
surfaces of the configuration tested in 4-point bending (Fig. 2). Each force is equal to 11 kN. 


3.1.2. Configuration B2 [12](Aqeel et al, 2011) 


As the purpose of this study is to establish an assessment of the effects of mechanical loading levels on 
configurations with and without TRC, it was assumed that both configurations tested experimentally and 
numerically (BI and B2) should be in a similar thermomechanical state. Therefore, the mechanical load applied 
on specimen B2 (shown in Fig. 3) were changed to match the mechanical equilibrium state of the midspan 
section of specimen B1. 


3.1.3. Thermal conditions 
Knowing that for the configuration B1 [11] the ISO-834 heat flux was applied on the 3 surfaces all along the 
tested beam (see Fig. 2 on the left). Therefore, an ISO-834 heat flux was also applied on the 3 surfaces all along 
the beam B2 (see Fig. 3 on the left) [12]. 
3.1.4. Mechanical conditions 
A new force F1 was applied to the B2 configuration [12]. The purpose of this calculated force is to ensure as 


similar mechanical state for B1 and B2 at the mid-span section. That is to say, the Fl force was established to 
ensure a ratio (Steel section recommended by Eurocode 2 (EC2)/Steel section used for this configuration) similar 
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to that of the Bl beam. This force was calculated within Eurocode 2 requirements for RC beams. Fl = 66.5 kN 
(per force). 


Specimen 
=e 


Moment Diagram 


«+ > 


Fig. 4. Mechanical loads and moment diagram for a 4-point bending test 


For configuration B1 (Carlo et al, 2018) [11], the mid-span moment is: 
M=LxXFI1 
M = 1(m) x 11000 (N) 
M = 11000 (N.m) 
According to EC2: 
M 
Mu = Tay FF 
b xd? X fic 


_ 11000 (N.m) 
uo. 
0.15 (m) x 0.272(m.m) x 17000000 i“) 


11000 (N.m) 


U SS Sea Syyy— 
0.15 (m) x 0.272(m.m) x 17000000 i“) 
lL, = 0.0591 


The steel section recommended by EC2 is: A,, = 1.09 cm? 
The cross-section of tension steels of the B1 configuration (Carlo et al, 2018) [11] is: 
Ap, =2 Xm X (1/2)*(cm?) 54g, = 1.57 cm? 


; . bac 5 
The ratio of the steel section recommended by EC2 over the current steel section is: Tgcier = — = 1.43 


A reversed calculation was made from a ratio of 1.43 (above) to trace back the force F1 that must be applied 
on B2. Therefore, F1 is: F1 = 66.5 (kN) 


3.2. Thermal loading 


A specific loading order was followed to ensure realistic fire conditions. Initially, mechanical loads 
wereapplied gradually for a duration of 10 minutes as shown on Fig. 5(to allow the model to converge correctly), 
these mechanical loads included the dead weight of the configurations as well as the 4-point bending loads. 
Then, after the application of the full mechanical loads, the thermal loading was applied to the surfaces of the 
assessed configurations. 
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Fig. 5. Mechanical loading distribution with respect to time 


Table. 2 shows the values and locations of the loads applied on the beam B1 [11] and the beam B2 [12]. 


Table. 2. Thermal and mechanical loads 


Test specimen | - BI [11] Test specimen 2 — B2 [12] 
Thermal load ISO-834 (lateral and bottom surfaces) ISO-834 (lateral and bottom surfaces) 
see Fig. 2 all along the specimen B2 
Mechanical 12kN each force (4 point bending test) 66.5KN each force (4 point bending 
load see Fig. 2 test) see Fig. 3 


3.2.1. Numerical models 


As shown in Figure 6, the models specified in EN1992-1-2 [13] were adopted to derive the uniaxial properties 
of concrete at different elevated temperatures [14]. 


3.3. Concrete and steel 


A detailed review of the literature shows that the complexity of the mechanical behavior of concrete manifests 
in the difference in compressive and tensile behavior, the nonlinearity of the post-elastic behavior, the nonlinear 
dependence of the multi-dimensional stress state, and the dependence of all these parameters on the temperature 
of the concrete. Figures 6a, b, c show the evolution of the behavior of concrete as a function of the temperature 
for the uniaxial mechanical behavior of concrete (compression and tension) (see Figure 6a) [14], for the 
mechanical behavior of concrete in compression for different temperatures (see Figure 6b) [13](Eurocode 2, 
1992) and for the mechanical behavior of concrete in tension for different temperatures (see Figure 6c) [15]. The 
evolution of the Young's modulus of concrete was extracted from the linear (elastic) part of Fig. 6b. Note that the 
normalized mechanical property (stress or Young's modulus) of a material is defined as the ratio of the 
mechanical property at a temperature (T) to that at room temperature. 
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Fig. 6. Evolution of the thermomechanical properties of concrete as a function of the temperature: (a) Uniaxial 
mechanical behaviour of concrete (compression and tension) [14]; (b) Mechanical behaviour of concrete in compression at 
different temperatures [13]; and (c) Mechanical behaviour of concrete in tension at different temperatures [15]. 


Similarly, as what have done for concrete, the steel’s mechanical behaviour in function of the temperature has 
been extracted from the Eurocode 2 and implemented in the thermo-mechanical model. Fig.7a shows the 
evolution of stress-strain curves of reinforced concrete’s steel for different temperatures. Fig.7b shows the 
evolution of the normalized steel’s Young modulus with temperature. Both of these parameters were extracted 
from the Eurocode 2. 
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Fig. 7. Evolution of the normalised mechanical properties of steel as a function of the temperature: (a) Mechanical behaviour 
of steel (similar in compression and tension) at different temperatures [13]; and (b) Evolution of the normalised Young’s 
modulus of steel as function of the temperature [13] 


71 


13th International Symposium on Ferrocement and Thin Fiber Reinforced Inorganic Matrices - LYON, FRANCE, JUNE 21-23, 2021 


3.4. Textile reinforced concrete (TRC) 


Figure 8a shows the mechanical behavior of a TRC composite for different temperatures (ranging from 25°C 
to 600°C). These curves were experimentally characterized[16]. Figure 8a shows the thermomechanical 
behavior (stress-strain relationships) of TRC used as a strengthened material for reinforced concrete beams. This 
TRC was composed of an aluminous matrix, 2 layers of chopped strand mat glass fibers and 2 layers of carbon 
grids. The TRC had a total reinforcement ratio of 3.6% (Vr = Vearbon textile/Wrrc) and a reinforcement ratio 
according to the tensile direction of 1.8% (Vi = Vearbon textile in the tensile direction/WTRC). The behavior laws, shown in 
Fig. 8a, were obtained by placing the TRC plates at a constant temperature (25°C, 200°C, 400°C, 600°C) and 
then tensile forces were applied to the sample until it was failed by the combined effect of temperature and 
ultimate tensile force. In order to implement the mechanical behavior of TRC, the values of Young's modulus of 
the studied TRC as a function of the temperature (first slopes of the curves presented in Fig. 8a) were extracted 
and the evolution of the normalized Young's modulus of the studied TRC is presented in Fig. 8b. Figure 8b 
shows that the Young's modulus of the TRC composite gradually decreases when the temperature increases from 
25°C to 600°C. 
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Fig. 8. Thermomechanical behaviour of TRC for different elevated temperatures: (a) Experimental results obtained by Tlaiji [ 
16]; (b) Evolution of normalised Young modulus of TRC as function of the temperature. 


3.5. Numerical implementation 


3.5.1. Mechanical implementation 


a) Concrete 


The plastic law of concrete was implemented using the Buyukuzturk criterion proposed by Buyukuzturk[17]. 
This is a criterion with a plasticity surface similar to the surface of Drucker-Prager criterion often used in 
concrete calculations. Once the natural plasticity surface of the concrete was identified, a selection was 
undertaken to choose the best-fitting plasticity surface available on the MARC MENTAT software (finite 
element software) [18]. Thus, the Buyukuzturk criterion was chosen. Based on the evolution with temperature of 
the stress-strain laws of concrete in tension, the softening plasticity law was implemented, this law had two 
evolving dimensions, the equivalent plastic strain and temperature. One should note that the stress-strain laws of 
concrete in tension were chosen to implement the behavior of concrete because the authors modeled reinforced 
concrete beams (loaded in bending) and in this particular case, the failure occurred in the lower part of the 
structural element that was subjected in tension. This choice was made by the fact that the results of the beam 
never showed plastic behavior in the compressed part of the beam (upper part of the beam). 
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b) Steel 


Steel in reinforced concrete is less complex than concrete from the point of view of mechanical behavior. 
Steel can be simply implemented using a Von-Mises plasticity surface. Once the volume of elastic behavior 
bounded by the plasticity surface is exceeded, plastic behavior is initiated following the plasticity law based on 
the behavior of steel (Fig.7a). 


c) TRC (Textile Reinforced Concrete) 


The mechanical behavior of the TRC was assumed to be elastic with irrecoverable strain beyond given stress 
limit (with respect to temperature). Therefore, and considering that it is stressed only along its axis (in the 
direction of longitudinal textile and the tensile loading direction), a Von-Mises elastoplastic model was used to 
implement the damaging behavior of the TRC. 


3.5.2. Thermal implementation 


Finite element models were developed using the MSC Software MARC Mentat [18]. The structural 
specimens modelled were firstly subjected to mechanical loads and then subjected to a thermal flux 
corresponding to the ISO-834 time-temperature curve. The two classical heat transfer modes were taken into 
account: convection at the surfaces exposed to the thermal flux and conduction within the materials. Once the 
thermal calculations were done, a map of the temperature fields was extracted from the calculations. Thermal 
degradation of mechanical properties of the constitutive materials (steel and concrete) was then calculated 
according to the Eurocode 2 EN1992-1-2 [13]. 


4. Numerical results 
The Figures 9, 10 and other results have shown the following. 
- Mechanical contribution 
o Shifting the "failure" time by few minutes (about ten minutes) for the two configurations B1 and B2. 
- Mechanical contribution (consolidation and load transfer) and heat shield 
o The deflection at which the specimens failed remained approximately the same before and after the 
addition of a TRC layer, one could point out that for configuration B2, the final deflections of the curves 
(Fig. 9) for the 3 load levels (F1, 1.25 Fl, 1.5F1) were different, as they did not show the end of the 
evolution of a classical deflection curve. 
o TRC layer provided a stress bridge for the concrete coat as it transferred the stress from high 
concentration stress areas to low concentration stress areas. 
o TRC layer preserved the mechanical strength of the concrete coating and helped to relieve its stress 
throughout the fire incident. 
o Ratios | and 2 (their definitions were presented under Fig. 10) showed a peak around 7 minutes and a 
significant drop immediately afterwards. This amounted to the accumulation of damage of the concrete 
coat. As a result, there was a momentary acceleration of the deflection, hence the peak of ratios | and 2. 
o Ratios 1 and 2 continued to decrease after 5 minutes of thermomechanical loading and then stabilized 
over the loading time. The decrease and stabilization of ratios 1 and 2 (between minute 7 and minute 20) 
were driven by the transfer of mechanical loads to the tension steels and TRCs that were not yet 
damaged. This conclusion was supported by Fig. 10 where ratios 1 and 2 stabilized faster for 
configurations with a TRC layer. 
o TRC’s adhesion to RC elements was more significant than that of the FRP composites in case of fire. 


73 


13th International Symposium on Ferrocement and Thin Fiber Reinforced Inorganic Matrices - LYON, FRANCE, JUNE 21-23, 2021 


Mechanical loading Thermal loading (fire) + Constant mechanical load 


20 40 60 80 100 


Without TRC 


Rh 
=-ef-- WO 
o 


-20 | 
=> 30 H 
£ | 
—£ -40 — 
= H 
ww -50 | 
c | 
Q -60 . 
bs] - @-B1 (1,25 x F1) B1 (1,5 xF1) 
2 ---B2(1,25xF1) ——B2(1,5xF1) 
s 
i ) 20 40 60 80 100 120 
o 
rom 
vi 
x3 
= 


»*Xe*B1 (F1) == B1(1,25xF1) B1 (1,5 x F1) 


sree B2 (FL) ---B2(1,25xF1)  ——B2(1,5xF1) 


Loading time (min) 


Fig. 9. Numerical deflections of the specimens B1 [11] and B2 [12] (under 3 mechanical loading levels) with and without 
TRC strengthening with respect to the loading time (mechanical and thermal loads) 
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5. 


Conclusion 


This study brought forward primary exploratory elements regarding RC element strengthened with TRC 


composites. It appeared from the results presented herein that TRC strengthening provided a mechanical 


contribution to the RC beams throughout their fire exposure. 


By monitoring the evolution of the deflection over time, as well as the stresses through the specimen’s sections 


(results not included herein), it appeared that the addition of TRC allowed the transfer of stress from higher to 
lower stressed areas of the concrete coating during a fire. Also, other results have shown that the endurance of the 
TRC/concrete interface was much more significant than that of the FRP. 
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SUMMARY: Textile reinforced mortars (TRM) are materials whose mechanical behavior has 
been extensively investigated during the last years. However, studies on the behavior of these 
materials after exposure to various aggressive environments are still limited and, hence, their 
performance during their entire service life remains to be determined. This paper contributes 
to this grey area of knowledge by investigating: (i) the fibre-matrix bond through pull-out 
yarn tests and (ii) the TRM-concrete substrate bond through single-lap shear bond tests after 
exposure of specimens to different aggressive environments, namely accelerated carbonation, 
freeze/thaw cycles and chloride attack. 


KEY WORDS: carbonation, chlorides, freeze/thaw, pull-out yarn, shear bond, TRM. 
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1. INTRODUCTION 


There has been extensive scientific research, during recent years, on Textile 
Reinforced Mortars (TRM) and their mechanical properties, however, relatively 
little is known about the durability of these composite materials when used as both 
stand-alone elements and as parts of reinforced concrete (RC) structures. 
Nevertheless, relevant research is currently on the rise including topics such as salt 
crystallization [10], behavior of corroded elements reinforced with TRM [9], 
influence of alkaline environments [13], use of TRM for cathodic protection [14], 
exposure to freeze & thaw cycles [3], chloride wet-dry cycle environment [15] and 
accelerated carbonation [11]. 


Carbonation, chloride penetration and freeze-thaw cycles (either single-acting or in 
combination) are the main degradation mechanisms of RC structures. It is known 
that carbonation and chlorides are the most likely causes of reinforcement corrosion, 
while freeze-thaw cycles, although do not affect directly the reinforcement, are a 
common cause of concrete cracking. Taking into account the above, in the context of 
this research, an effort is made to study the influence of carbonation, chlorides and 
freeze-thaw cycles on TRM. More specifically, two experimental procedures were 
selected: (1) pull-out yarn and (ii) TRM-concrete bond. The pull-out yarn test allows 
the study of the bond between matrix and yarn, while the TRM-concrete bond 
describes better the behavior of a composite member. 


2. EXPERIMENTAL STUDY 
2.1. Materials 


2.1.1 Mortars 


Two types of mortars were used for the production of TRM: a high strength (low 
water to binder ratio) and a low strength (high water to binder ratio) one (Table 1). 
In both cases, the proportions of cement: fly ash: silica fume: sand (by weight) are 
the same. The mix design of the high strength mortar contained superplasticizer, in 
order to achieve satisfactory flowing capacities. 


Table 1. Composition of mortars (all in kg/m’) 


High strength mortar | Low strength mortar 
Cement CEM II/A-M (P-LL) 42.5 N 579 509 
Fly Ash 261 229 
Silica Fume 58 51 
Sand (0-2mm, indoor humidity) 832 731 
Water 306 395 
Superplasticizer (1.6% binder) 14.38 Z 
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2.1.2 Textiles 


Two types of textiles were used: one comprising dry carbon fibers and another made 
of alkali-resistant coated glass fibers. Their layout and mechanical properties (as 
provided by the manufacturers), are given in Table 2: 


Table 2. Textile properties 


Technical Data Carbon Glass textile 
textile 
Dry fibre density (g/cm?) 1.83 2.60 
Dry fibre weight (g/m?) 2170 280 
Mesh size (mid-yarn to mid-yarn, mm): 10x 10 18.2 x 14.2 
Tensile strength (kKN/m): >240 ~76 kN/m weft, ~77 kN/m warp 


2.2. Specimens 


2.2.1 Pull-out yarn specimens 


In order to investigate the fiber-to-matrix bond following different exposure 
conditions, prismatic specimens of dimensions 100mm x600mm x1l0mm were 
produced. In lack of a relevant test standard, previous studies [2, 12] were taken into 
account during specimens’ design. The specimens incorporated a layer of textile 
placed at mid-thickness. At 200mm from one end a through-thickness notch was 
created leaving the central part of the composite intact; this configuration aimed at 
driving the failure to the pull-out of a single yarn. The contact length of the metal 
end plates with the specimen was 80mm (Figure la). The parameters under 
investigation were the type of textile (bare carbon fibers vs. coated glass fibers), the 
type of mortar (low strength vs. high strength) and the exposure conditions (ambient, 
CO,-rich, chloride contaminated, CO,/Cl combined); the test matrix presented 
herein is not complete, as the experimental work is still in progress. 


2.2.2 Bond specimens 


The post-exposure TRM-to-concrete bond was assessed by means of shear bond 
tests, as per the relevant RILEM recommendation and previous studies [4, 8]. To 
this purpose, plain concrete blocks measuring 480mmx150mmx150mm_ were 
produced and furnished with 400 mm-long carbon fibre TRM strips on three of the 
four lateral faces (Figure 1b). Each face receiving a 9-yarn TRM strip was first 
grooved in a lattice grid motif, in order to promote substrate bond with the overlay. 
The specimens prior to testing were exposed to (or mimicked the effects of) various 
aggressive environments (carbonation, chlorides, carbonation and chlorides, freeze- 
thaw cycles). Control specimens were kept under ambient conditions. For the 
specimens exposed to carbonation and freeze-thaw cycles, special care was given to 
the protection of all bare concrete surfaces so that damage (if any) would be 
concentrated on the TRM strips and, consequently, on the TRM/concrete interface. 
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This protection was achieved by sealing the bare concrete surfaces with an epoxy 
resin. Both low and high strength mortars (TRM matrices) were investigated. 
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Figure 1. Geometry of specimens: (a) bond; (b) pull-out yarn 


2.3. Exposure Conditions 


2.3.1 Curing 


Specimens not exposed to detrimental environmental conditions were cured in 
environments with 100% relative humidity (20°+2°C) for 90 days and served as 
control specimens. 


2.3.2 Carbonation 


Following a 90-days curing period at ambient conditions (as per 2.3.1), specimens 
remained for an additional period of 30 days in laboratory conditions and they were 
subsequently placed in a carbonation chamber at a carbon dioxide (CO) 
concentration of 20% by vol., a relative humidity (RH) of 60% and a temperature 
equal to T = 40°C, all kept constant throughout the exposure duration. 


Regarding the CO, concentration, a relatively low value was opted in relation with 
the values found in the literature (often reaching up to 100%). It should be noted, 
however, that the CO, concentration affects both microstructure and diffusion 
mechanisms. The role of temperature in carbonation is not easily estimated however, 
it is considered as having a rather small influence on the phenomenon with the 
majority of carbonation predictive models ignoring temperature as a parameter. In 
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the present study, the temperature was chosen to be kept at 40°C which is a high but 
realistic value. The relative humidity level (RH = 60%) was in accordance with 
relevant standards’ ranges [6, 7]. Lastly, the carbonation depth was measured by 
using a phenolphthalein solution [5]. 


2.3.3 Chlorides 


The marine environment was simulated by introducing sodium chlorides equal to 
2.5% of binder weight during the production of specimens (TRM). The latter were 
then cured as per 2.3.1. The action of chlorides as a function of their origin (admixed 
or penetrated) is ambiguous for many properties of mortars, such as binding. The 
same applies to mechanical properties, as many processes (e.g. continuous 
hydration, leaching) are not reproducible, while cement pastes which are exposed to 
sodium chlorides instead of seawater do not have identical volumes of phases. 
However, the introduction of chlorides during mixing is a practice often found in 
many studies, as it is simple, rapid and straightforward. Finally, the admixed 
chlorides quantity chosen is thought to be high, yet reasonable. 


2.3.4 Combined action of carbonation and chlorides 


The simulation of simultaneous exposure to carbonation and chlorides was realized 
by introducing sodium chlorides equal to 1.4% of binder weight and by exposing 
specimens to the aforementioned CO,-rich conditions (in this case, curing was 
identical to 2.3.2). The introduction of chlorides to the specimens (during mixing) 
prior to their exposure to carbonation is consistent with the fact that the chlorides 
penetration is slower than the carbonation, in most cases. 


2.3.5 Freeze-Thaw 


The specimens — after being cured as per 2.3.1. and an adequate amount of time at 
standard lab conditions for achieving moisture equilibrium — were subjected to 40 
freeze-thaw temperature cycles ranging from +4°C to -18°C and back to +4°C within 
4.8h, with freezing taking place in air and thawing into water [1]. The control of the 
freeze-thaw chamber was based on the temperature measured at the mid-thickness of 
the TRM strip. 


3. RESULTS -DISCUSSION 
3.1. Mortar strengths 


Table 3 lists the compressive and flexural strengths derived from mortar prisms after 
subjecting them to different exposure conditions/durations. 90 days’ strengths are 
taken as the basis of comparisons. From Table 3, it can be deduced that in non- 
carbonated mortars the presence of chlorides does not affect the compressive 
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strength but reduces the flexural one. For the case of low strength chlorides-free 
mortar, carbonation seems to infer appreciable (> 10%) reduction of the compressive 
strength for carbonation depths larger than 10 mm. In the presence of chlorides, 
compressive strength reductions are more pronounced. On the other hand (and, 
again, for the case of low strength mortar), the flexural strength — although 
invariably reduced for carbonated and carbonated/chloride-contaminated specimens 
— varies in a rather erratic manner. 


It is known that the presence of chlorides is ambiguous for the strength of concrete. 
Generally, up to a certain concentration, chlorides act beneficially and then the 
strength is reduced. This concentration cannot be estimated as it depends on factors 
such as the concrete age, the water-to-cement ratio, the type of salts formed and the 
concrete composition. This inconsistency exists as on one hand salts reduce the 
average pore diameter through hydration products, whereas on the other hand salts 
are responsible for Ca(OH), leaching (in contact with soft water) and genesis of 
microcracks because of Friedel's salt crystallization pressures (volumetric change 
due to the formation of the latter is small). Finally, by introducing chlorides the 
amount of dissolved hydroxyl ions increases thus accelerating the pozzolanic 
reactions and driving to a refined microstructure 


The absence of a trend in the change of flexural strength in carbonated specimens 
(either with or without chlorides) can be attributed to the fact that the changes in 
mortar porosity due to carbonation is not an uninterrupted process; fluctuations have 
been reported during the process while the final porosity of blended cement pastes 
may be higher than the initial. Also, in the present study, after their exposure to 
carbonation conditions prisms were cracked. It is reasonable to assume that the 
presence of random cracks affects strength in an inconsistent way. Since shrinkage 
microcracking affects less the compressive strength (during compression 
microckracks close) this inconsistency is reflected more on the flexural strength. 


Table 3. Mortar strengths 


Low strength mortar High strength mortar 
anisament Compression Flexure Compression Flexure 
(MPa) (MPa) (MPa) (MPa) 
Non-aggressive 
Gefereuce).(28 a) 45.0(7.9%) | 3.69(11.9%) | 74.8 (10.1%) | 4.31(22.5%) 
Non-aggressive 
(control) (90 d.) 57.4(3.3%) | 4.49(11.1%) 89.2(4.8%) 5.56(13.3%) 
Chlorides (90 d.) 58.3(2.1%) | 3.30(20.1%) 92.4(1.8%) 4.66(6.9%) 
Carbonation (~121 d.) 
ee ee 58.8(4.7%) | 2.48(15.9%) - - 
Carbonation (~124 d.) 
(ees sant 57.1(4.5%) 2.33(7.8%) - - 
Carbonation (~129 d.) 
(xc=10.09mm) 50.9(2.0%) 3.45(5.8%) - - 
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Carbonation & Chlorides 
(121 d.)(xc=2.73mm) 55.1(6.8%) 3.21(14.0%) - - 
Carbonation & Chlorides 
(194.4 \Gce=6. 65mm) 50.8(9.2%) 2.74(11.4%) - - 
Carbonation & Chlorides 
(=129 d.)(xc=10.12mm) 47.4(2.9%) 2.98(22.6%) - - 


(...%): coefficient of variation; (...d. ): specimens’ age at testing (days); xc: 


Notes: : Gory fe wee oe : 
measured carbonation depth in prisms; missing values: testing is ongoing 


3.2. Pull-out yarn specimens 


For the pull-out carbon yarn specimens manufactured with the high-strength mortar, 
failure was due to progressive rupture of fibers for both chlorides-free (control) and 
chlorides-contaminated matrices. However, the presence of chlorides leads to a 
lower peak stress indicating a change of the fiber-to-matrix bond conditions. 


The behavior of the pull-out carbon yarn specimens manufactured with the low- 
strength mortar is much more complex. The high coefficient of variation associated 
to each test group (with the exception of the “carbonation and chlorides” and 
“chlorides” groups) renders any attempt for comparisons risky and unreliable. 
However, it should be mentioned that increase of mixing water, generally, results in 
non-uniform and/or bleeding-prone mortar mixes. This may lead to different 
filament-to-mortar bond conditions between nominally identical specimens. Also, it 
is known that chlorides accelerate the hydration process and in this way reduce 
segregation and bleeding risk. This is probably the reason why specimens with 
admixed chlorides show reduced scattering in comparison with the chlorides-free 
specimens. 


Table 4. Pull-out carbon yarn results 


Low strength mortar High strength mortar 

Stress Displacement Stress Displacement 

(MPa) (mm) (MPa) (mm) 
Control 1002 (26.7%) | 1.457 (56.5%) 1526 (13.3%) 0.548 (19.9%) 
Chlorides 766 (21.7%) 1.190 (25.5%) 1378 (12.0%) 1.739 (26.2%) 
Carbonation 880 (49.4%) 2.656 (51.2%) - - 
ety © | 1206 (10.6%) | 4.090 30.4%) - - 
Natee (...%): coefficient of variation; stress = load / yarn cross-section; missing values: 

"| testing is ongoing 


In the case of the pull-out glass yarn specimens, the embedment length and the 
coating of the yarn dictates the failure mode which is yarn rupture. As seen from the 
values of Table 5, the type of failure is mortar-related (the larger the mortar strength 
the larger the ultimate stress). 
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Table 5. Pull-out glass yarn results 


Low strength mortar High strength mortar 
Stress Displacement Stress Displacement 
(MPa) (mm) (MPa) (mm) 
Control 434 (7.6%) 1.400 (8.5%) 584 (8.4%) 2.331 (3.6%) 
Chlorides 357 (17.4%) 0.631 (21.3%) 476 (14.9%) 1.006 (33.3%) 
Notes: (...%): coefficient of variation; stress = load/ dry yarn cross-section 


3.3. Bond specimens 


Table 6 summarizes the results in the form of maximum shear bond stress and 
respective displacement. For the case of control and chlorides-contaminated 
specimens, failure was due to fibers rupture. Hence, the maximum shear bond stress 
is not affected by the properties of the mortar (strength or presence of chlorides). 
This is in contrast to the relevant finding for the case of pull-out specimens 
highlighting the difficulties of conclusions extension drawn from one (pull-out yarn 
specimens) to the other (shear bond specimens). 


Carbonated specimens (either with or without chlorides) failed due to fibers’ 
slippage. It should be mentioned that carbonation resulted in cracking of the TRM 
overlays, leading to the alteration of the textile-to-matrix bond conditions and the 
shift in failure mode. From Table 6, it becomes clear that carbonation (of either 
chloride-free or chloride-contaminated specimens) moderately decreases the shear 
bond strength. 


The failure mode and the magnitude of the shear bond strength for specimens 
undergoing freeze-thaw cycles are similar to those of carbonated specimens. In this 
case, consecutive freezing and thawing resulted in interlaminar damage manifested 
by cracks running along the top mortar layer/textile interface; the cracks were visible 
from the sides of the TRM strips. 


Table 6. Shear bond test results 


Low strength mortar High strength mortar 

Stress Displacement Stress Displacement 

(MPa) (mm) (MPa) (mm) 
Control 1092(16.7%) 0.515(16.5%) 1083(7.9%) 0.391(3.8%) 
Chlorides 1135(9.7%) 0.530(15.6%) 1077(13.4%) 0.406(11.5%) 
Carbonation 901(9.0%) 0.548(17.1%) - - 
Carbonation & 885(2.8%) 0.446(17.1%) - - 
Chlorides 
Freeze & Thaw 896(7.6%) 0.615(11.8%) - - 
Notes: | (...%): coefficient of variation; missing values: testing is ongoing 


4. CONCLUSIONS 
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DURABILITY OF TEXTILES REINFORCED MORTARS UNDER HARSH 9 
ENVIRONMENTS 


Although research is in progress some preliminary conclusions are: 


e The admixed chlorides reduce the flexural strength of the mortars, but not 
the compressive strength. 


e During carbonation both the compressive and the flexural strength of the 
low strength mortar are reduced (research is ongoing for high strength 
mortars). 


e Carbonation shrinkage phenomena result in cracking of mortar prisms and 
TRM strips bonded on concrete substrates (irrespective of chloride 
presence in the mortar comprising the overlay). This observation is valid 
for a low strength mortar, whereas research is ongoing for high strength 
mortars). 


e The extension of conclusions drawn from pull-out tests to shear bond tests 
and vice versa is not feasible in the present study, where the effect of 
exposure to detrimental environments is considered. 


e The type of exposure condition may affect the shear bond failure mode. For 
the types of TRM/substrate systems investigated herein, admixed chlorides 
bear no effect on the failure mode and on the shear bond capacity. On the 
contrary, carbonation of textile-reinforced low strength mortar overlays 
(through carbonation shrinkage cracking) results in shift of the failure mode 
from fibers rupture, in control specimens, to fibers’ slippage in carbonated 
ones and in moderate (~18%) shear bond strength reduction. The same 
applies to composite specimens (concrete blocks furnished with TRM 
overlays) undergoing consecutive freezing and thawing; in this case, shear 
bond strength reduction is owed to interlaminar damage of the TRM strip. 
Research is ongoing for textile-reinforced high strength mortars. 
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SUMMARY: The ferrocement canopy over the Athens opera House (SNFCC) is 100mx100m in 
plan with an aerofoil shape, resting on the opera roof supported by 30 columns -via springs- 
resulting in a clear span between columns of 75m x 50m, one of the largest ferrocement 
structures in the world. It is essentially a composite space truss with two ferrocement skins, 
top and bottom, carrying primary structural loads, connected together by diagonal steel 
circular hollow tube sections and ferrocement diaphragms. The current paper outlines the 
analytical approaches utilised, starting from linear elastic dynamic analysis, continuing to 
nonlinear static (collapse) analysis and nonlinear dynamic analysis combined with dedicated 
algorithms for section analysis. A companion paper elaborates on the experimental 
verification of the design approaches presented herein. 


KEY WORDS: ferrocement, nonlinear, flexure, shear, preconstruction, splice 
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1 INTRODUCTION 


The Solar Canopy above the Athens Opera House is 100m x 100mx in plan and one 
of the largest ferrocement structures in the world. The Athens Opera House is a R/C 
building, part of the Stavros Niarchos Cultural Center (SNFCC), a project designed 
by Renzo Piano with structural engineers Expedition Engineering, Omete and 
Penelis Consulting, completed in 2016 with a budget of 550 Million Dollars. Paul 
Nedwell and Patrick Jennings were involved in several stages of the design and 
construction of the canopy. 


The architectural intent was to create a canopy which was a visually slender as 
possible, with a finish ‘like a yacht’ and with no visible joints. The constraint of the 
opera house below, and general good practice for seismic design required the canopy 
to be a ‘light’ structure. The ferrocement skins define the sculpted architectural form 
and combine structure, waterproofing and finish in a single element. Around the 
perimeter the ferrocement skins are sculpted to incorporate the rainwater gutter. 
Ferrocement provided the slimmest and lightest viable design for the canopy. 
Ferrocement does not require procurement of a special material from a single 
supplier and has a track record of construction to form complex forms by site teams 
with limited prior experience of the material. The double curvature shape combined 
with the thin sections foreseen for the bottom and top skin required to utilise 
preconstruction of the ferrocement elements using a “standard” panel of 
3,50mx7,50m and 60cm splice zones. 


The ferrocement canopy is supported on the roof of the base-isolated Opera building 
through 30 HCS columns and hoisted by spring and damper column heads. It is 
100mx100m in plan with an aerofoil shape, and creates an inner column free area 
with a clear span of 75m x 50m. It is made up of two double curvature monocque 
ferrocement skins, which are ribbed membranes and carry primary structural loads a 
well as providing the finished architectural surface, connected together by 
ferrocement diaphragms and diagonal steel circular hollow tube sections creating a 
composite space truss. A general view and section of the Ferrocement Canopy and 
the Opera house is shown in figures | and 2. 


Figure 1. Side view of the canopy Figure 2. Section of canopy & building 
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For all sections meshes are arranged in a sandwich pattern in order to create a 
heavily reinforced ferrocement section (3-6% 
reinforcement). The main concept is that the external meshes are thin to provide 
crack control and durability while the internal are thicker using mesh types of 
B430A, B500A and B500C steel grade from @1.0mm to @10mm diameters. 
Properties of the ferrocement mortar are shown in table 1. 


total volume 


Tablel. Ferocement mortar mechanical properties 


fraction of 


MIX DESIGN #1 MIX DESIGN #2 
SAMPLES PROPERTY 
Superfluid Low Workability 
= Compressive strength (7 days) 64 MPa 64 MPa 
ae 
60 
s = ° Compressive strength (28 days) 90 MPa 88 MPa 
5 
= Shrinkage (28 days) 0.390 mm/m 0.390 mm/m 
se Compressive strength (7 days) 56 MPa 56 MPa 
Es 
Z on 
= $ Compressive strength (28 days) 80 MPa 80 MPa 
one 
Elastic modulus 33 GPa 33 GPa 
Density of hardened mortar < 2290 kg/m? < 2290 kg/m} 


2 ANALYSIS 
2.1 Elastic Analysis 


Several different types of analysis have been utilised in order to accurately simulate 
the structural behaviour of such a complex structure. The basis of the design was 
spectral modal dynamic analysis of a complete F.E. model of the opera and the 
canopy using both Etabs 9.7 and Scia Engineer software code (Figure 3). 


Figure 3. F.E. model 
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The permanent loads of the canopy are shown in table 2. 


Table2. Permanent loads of the canopy 


Loads 

Ferrocement 36700 kN 
Steel brackets 2500 kN 
Diagonal Tubos 600 kN 
Column Heads connection 1500 kN 
MEP Area 500 kN 
PV Panels 5000 kN 

Total weight : 46800 kN 


2.2 Nonlinear analysis 


Two types of nonlinear analysis were performed static collapse analysis for vertical 
loads and t-h nonlinear analysis for wind loading and earthquake loading. 


Figure 4. Typical reinforcement cages 


The static nonlinear analysis was executed in order to estimate the nonlinear 
performance of the canopy (material nonlinearity) under vertical uniformly 
distributed loads, thus resulting in the available overstrength as well as the available 
ductility (if any). The analysis required the development of a custom step by step 
non iterative procedure for the nonlinear application of the loads, which utilised the 
API of SAP2000 driven by PYTHON scripts. The resulting ultimate capacity of the 
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ferrocement skins of the canopy corresponds to 2.68 x ULS design load which is 
much more than the most critical element of the whole structure that is the available 
movement capacity of the canopy 1.35 x ULS (Figure 5). 


JVIT Canopy Collapse analysis 


TIME Legend 


p, JLeftBottom, Middle, Cant. Mid, Can 


IRUUUTERETEREEN TIRES EEEET CREE ETRY ETN EERE EET] 
15 30 45 60 75 90 105 120 135 150 OK 


015 §(m) 020 


Figure 5. Push down curve Figure 6. Wind response with resonance 


The dynamic response of the canopy under wind and earthquake excitation was 
investigated using t-h nonlinear analysis. The nonlinearity has been lumped in NL 
elements representing the silicon springs and dampers at each column. The response 
for the design wind gust as well as the effect of resonance (wind with the same 
predominant period as the canopy) is shown in Figure 6. These verified the 
maximum deformations predicted using the elastic analysis approach. 


3. DESIGN OF SECTIONS 
3.1 Design of membrane and rib sections 


The design of the ferrocement sections, based on the elastic analysis, was executed 
using EN1992 as basis, considering that the basic constitutive laws of ferrocement 
are accurately approximated by those of reinforced concrete (an assumption verified 
by numerous experimental tests). The following should be noted: 


e Considering the slenderness of the sections, section forces were increased 
due to 2" order effects (§5.8.8 EN1992-1-1) 


e The limited ductility of the section considering €.y. = 2.6%0-2.9%o0 for 
cement mortar and B430A and B500A for the reinforcement meshes (€,, = 
25%o) led to a limitation of the deformation in the elastic range. So €.y= 
&0=2.0+0.085(f4-50)°°* for cement mortar and €y=f/E, for steel mesh 
(figure 4). 


e All sections of the ferrocement canopy (membranes, T-ribs and beams) 
were checked against M-N interaction curves using the dedicated software 
AnySection (Figure 7, Figure 8, Figure 9) [2]. 
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Rib with 37mm flange M-N interaction curves 
-2000 


——Rib 37mm, JVIT elastic 
—— Rib 37mm, IVIT plastic 
1509 


Figure 8. M-N Interaction curves for stages I 


Figure 7. T section analysis and II 


mae 


Figure 9. M-N pairs for all design Figure 10. Typical thickening (joint) 
combinations Vs capacity Interaction 
curves (37mm membrane) 


e Shear design was executed using the formulae of EN1992-1 and cot0=2.30- 
2.50 (VRd,s = VRd, max). It should be noted that all the shear 
reinforcement consists of external meshes, U bars and ties with diameters 
of 1.00mm to 1.6mm 


3.2 Bracket connections design 


The canopy has 893 joints that connect the diagonal steel elements to the top and 
bottom ferrocement skins. These are realizes with spider brackets that are connecte 
to the ferrocement skins. These are bolted on ferrocement 140mm thickenings 
(joints) between the ribs which are considered as corbels to the skin. The initial 
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approach was using a general strut and tie model which being conservative led to the 
requirement of thick wires which created a problem considering the 3mm cover. The 
test results also confirmed the considerably high overstrength, so a more detailed 3d 
approach, using a more accurate strut and tie model, considering all the load paths 
and each individual wire (tie). 


Three individual load directions are defined, X transverse to the ribs, Y parallel to 
the ribs and Z (Figure 10). Fz is transferred directly to the ribs and main beam using 
anchors hence the calculation is straightforward. Fx is transferred to the membrane 
through the thickening (corbel) using a strut and tie model shown in Figure 11 in 
which the actual wires (ties) are modelled at every 50mm and the struts inclinations 
where selected so that all of them are in compression and all ties are in tension 
(having cot0<2,50). The additional vertical eccentricity of Fx is transferred as a 
force pair to the ribs. 
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Figure 11. Fx transfer to the ribs and corresponding bow-chord model 


For Fy (parallel to the ribs) a 3d F.E. model was created where the joint was 
modelled using struts and ties (Figure 12) having the actual grid of the wires 
(50mmx50mm) for the ties. As previously the struts inclinations where selected so 
that all of them are in compression and all ties are in tension (having cot0@<2,50), 
using an iterative procedure to remove the ties in compression and the struts in 


tension. 


sect cases 


Figure 14. End trusses Figure 15. Top surface horizontal truss 


Two additional load paths were identified for the transfer of force to the ribs, one is 
shown in Figure 16 using a strut and tie approach and in Figure 17 in deformed 
shape from the model and the corresponding test (EN1992-1 §6.5). 
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Figure 16. Bow string model Figure 17. Longitudinal failure mode 


The second mechanism includes a load path of horizontal transfer of the shear force 
to the ribs and then, through the ribs to the membrane. This was modelled with a 
horizontal truss on the top of the thickening as shown in Figure 15 which was found 
to transfer %4 of the total shear. Additional rebars to connect the joint to the ribs at 
this surface as well as additional ties between the ribs and the membrane for the safe 
transfer of this force were added. 

3.3 Splicing design 

Given the choice for preconstruction the splicing of the rebar meshes of the 
membranes as well as rebars of the ribs and beams was critical. 600mm cast insitu 
zones were foreseen. The main rebars of the ribs @10-@16 were spliced using 
embedded tie rods 8.8-10.9 and couplersc (Figure 18). The meshes were spliced 
using lapping lengths by removing the transverse wires of the meshes in the lapping 
length in order to avoid a thickness increase (Figure 18) and arranging a positive 
negative orientation in the edges, a constraint that affected the erection sequence. All 
calculations were based on EN1992-1 §8.7 and verified experimentally. 
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TYPE 3 FLANGE (27mm) <-> TYPE 3 FLANGE (27mm) 
LAPPING ACROSS GLOBAL X-X DIRECTION 
‘scale 1.2 


TYPE 4 FLANGE (37mm) <-> TYPE 4 FLANGE (37mm) 
LAPPING ACROSS GLOBAL Y-Y DIRECTION 


PLACED FIRST 


Figure 18. Meshes splicing for 27mm panels in X-X and 37mm panels in Y-Y 


4 CONCLUSIONS 


This paper demonstrates the global analysis model used by the design team for the 
SNFCC ferrocement canopy. The elastic dynamic analysis section forces were used 
for the flexural and shear design of the individual structural members that comprise 
the top and bottom skins, which include T-beams, membranes and corbels, using the 
provisions of EN1992-1. All these calculations were also checked using nonlinear 
static and dynamic analyses. The companion paper includes the experimental 
verification of these elements. 


Figure 19. Ribs splicing using couplers and tie rods 
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SUMMARY: The Athens Opera House is a R/C building, part of the Stavros Niarchos Cultural 
Center (SNFCC), a project designed by Renzo Piano with structural engineers Expedition 
Engineering, Omete and Penelis Consulting, The ferrocement canopy is 100mx100m in plan 
with an aerofoil shape, resting on the opera roof via 30 columns resulting in a clear span 
between columns of 75m x 50m. It is essentially a composite space truss with two ferrocement 
skins, top and bottom, connected together by diagonal steel circular hollow tube sections and 
ferrocement diaphragms; the ferrocement skins were precast in pieces 3.50mx7.00m and 
connected insitu with cast zones. The current paper outlines the full scale ferrocement section 
tests that took place in the NTUA for biaxial compression of characteristic top and bottom 
skin membranes, 4-point flexural tests for ribs and beams, shear tests and pull-out tests for 
the joint connections of the diagonals to the ferrocement skins, biaxial testing of ferrocement 
Joints, lapping length tests for the reinforcement meshes between the precast panels, casting 
Joint tests between the ribs and the membrane. A companion paper elaborates on the design 
approaches used that were verified by the experimental program presented herein. 


KEY WORDS: ferrocement, testing, shear, flexure, lapping, precast, biaxial, pull-out 
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1. INTRODUCTION 


The ferrocement canopy of the Athens Opera House (SNFCC) is based on the roof 
of the Opera building through 30 HCS columns and hoisted by spring and damper 
column heads. It is 100mx100m in plan with an aerofoil shape, and creates 
underneath an inner column-free area with a clear span of 75m x 50m. It is made up 
of two double curvature ferrocement skins, top and bottom skin which are ribbed 
membranes, connected together by ferrocement diaphragms and diagonal steel 
circular hollow tube sections creating a composite space truss. The ferrocement 
skins are composed by 717 preconstructed ferrocement panels with 3.50mx7.00m 
dimensions connected insitu via casting joints of 60cm. A general view of the 
ferrocement canopy is shown in figure | and a characteristic phase of the assembly 
of the preconstructed panels is shown in figure 2. 


i P| 
MS i a tie 
rad yy my 
Figure 1. View of the canopy Figure 2. View of the canopy assembly 


The ferrocement skins are actually ribbed membranes with ribs at every 60cm and 
transverse beams every 200cm. The connection of the steel diagonals is realised by 
ferrocement thickenings (Figure 3). The connection of the precast elements is 
realised for the ribs and beams with couplers and tie rods while the reinforcement 
meshes have the required lapping length. All these ferrocement sections and special 
connections were calculated using dedicated algorithms based on EN1992 and were 
experimentally verified using unscaled testing in NTUA [2] managed by professor 
Kourkoulis. 


2. TESTING 
2.1. Testing Program 


The design of the ferrocement canopy was based on the requirements of EN1992 
and EN1998 under the assumption that ferrocement can be designed by applying the 
reinforced concrete guidelines, despite the deviations regarding minimum diameter, 
rebar cover and dimensions. In order to validate the assumptions and the design 
procedure elaborated in the companion paper, a set of full scale tests on ferrocement 
elements were foreseen by the design team and undertaken at the Strength of 
Materials lab of NTUA. Those tests are the following: 
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Biaxial compression of top and bottom ribbed membranes 
4-point tests for beams and ribs 

Tie rods pull-out and shear tests for joints 
Biaxial compression of joints 

Lapping length tension test 

Cold casting joints 


2.2. Biaxial compression of top and bottom ribbed membranes 


Six full scale ferrocement membrane elements with 2.00mx2.50m were tested for 
biaxial compression (Figure 3 and Figure 4). The tests were executed statically by 
gradually increasing the load in both directions until the calculated compression 
capacity was reached, and then unidirectionally the load was increased to failure. 
The test also controlled the out-of-plane deformation of the panels to assess any 2™ 
order effects. All samples resulted in an increased bearing capacity and did not 


demonstrate 2™ order effects (Figure 5 and Figure 6). 


Figure 3. Biaxial compression test photo 
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Figure 4. Biaxial compression test 
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Figure 5. Extensiometer readings 1-4 Vs load (A001) 
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Figure 6. Extensiometer readings 5-9 Vs load (A001) 


2.3. 4-point tests for beams and ribs 


Full scale tests of the T shaped rib and beam ferrocement elements were executed 
for flexure and shear using 4 point load setup (Figure 7). The dimensioning of the 
test elements was selected so that shear failure would supersede the flexural failure 
having a shear aspect ratio of 600/200=3.0 for the ribs and 600/250=2.4 for the 
beams. The corresponding flexural and shear ultimate capacity was calculated using 
EN1992-1 with fom = 90MPa, fy = SOOMPa, cot0=2.50 and material SF=1.0. 
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rib specimens loading arrangement 


beam specimens loading arrangement 


Figure 7. 4-point loading test Figure 8. Shear failure of T beam 
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The calculated failure load was verified with accuracy of 1-3% while the design 
shear capacity was exceeded by 58%. 


Tablel. 4 point tests for ribs and beams: failure mode and ultimate capacity 


Specimen Failure Type Shear at failure Moment at failure 
Rib 49/200/37 Flexural 1.35xVpu 1.03xMru 
Rib 49/200/57 Flexural 1.54xVpu 1.01xMru 
Beam 61/250/57 Shear 1.58xVru 0.93xXMru 


2.4. Tie rods pull-out and shear tests for joints 


As has been mentioned, the joints where the diagonals connect to the ferrocement 
skins are constructed using ferrocement thickenings (Erreur! Source du renvoi 
introuvable.) with embedded tie rods M10 (10.9). Those were tested both in shear 
as well as pull-out loading till failure. 


In all cases of shear loading the tie rods failed as designed (Figure 9 and Figure 10), 
while in the pull-out tests the ferrocement only demonstrated hairline cracks (Figure 


Pests ae 


Figure 9. Shear loading of tie rods Figure 10. Failure after shear load 


-_ 


Figure 11.Pullout of tie rods Figure 12. Failure after pullout 


2.5. Biaxial compression of joints 
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The ferrocement thickenings are actually corbels protruding from the ferrocement 
membrane. Those were tested full scale with specimens 1.25m x1.25m under biaxial 
compression. Two different sets of specimens were prepared, (a) with the ribs being 
on the opposite sides of the beams and thickening (Figure 13) and (b) with ribs and 
beams on the same side (Figure 14). 


Figure 13.Specimen with ribs on same Figure 14.Specimen with ribs on 
side of beam and thickening opposite side of beam and thickening 


Very detailed strut and tie calculations (Figure 15) as well as the tests (Figure 16) 
demonstrated that the solution with the ribs and beams on the same side of the 
membrane were superior by a factor of 2.0, to the solution with the beams and ribs 
being on the opposite sides of the membrane, thus modifying the original design of 
the top skin, which originally had the ribs outwards. 


Figure 15. 3d Strut and tie calculation Figure 16. Typical failure of original 
model arrangement (a) 


2.6. Lapping length tension test 


The precast panels are connected in 60cm cast insitu zones using lapping of the 
meshes. In this length the 6 layers of the meshes are lapped using complete meshes 
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from one side (female) and only the longitudinal wires of the meshes of the other 
side (male) so that the thickness in the lapping zone would not be increased (Figure 
17). 


‘TYPE 3 FLANGE (27mm) <> TYPE 3 FLANGE (27mm) 
LAPPING ACROSS GLOBAL X-X DIRECTION 


TYPE 4 FLANGE (37mm) <> TYPE 4 FLANGE (37mm) 
LAPPING ACROSS GLOBAL Y-Y DIRECTION 
scale 12 


Figure 17.Lapping arrangement for 27mm panels and 37mm panels 


For the ribs the solution of using couplers and rods to connect adjacent 
panels was selected (Figure 18) 


Figure 18. Lapping arrangement for ribs using couplers and rods 
Dog-bone specimens (Figure 19) were used to assess the calculation formulas used 


(based on EN1992-1). In all cases the failure was due to mesh cracking and not 
lapping slippage (Figure 20 and Figure 21). 
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@5 RIBBED MESH LAPPING TEST, 5 TEST SPECIMENTS 
28.8kKN NOMINAL LOAD (1 MT4 & 2 MT1) 
scale 1:2 


910 RIBBED MESH LAPPING TEST, 5 TEST SPECIMENTS 
90.1kN NOMINAL LOAD (1 MTS & 2 MT1) 
‘scale 1:2 
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Figure 19. Dog-bone specimen for D5 and D10 
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Figure 21. Cracking of specimen 


Figure 20. D10mm tests developed Vs 
outside the lapping section 


Calculated capacity 
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2.7. Cold casting joints 


The methodology for the preconstruction foresaw two casts, the membrane and the 
ribs, thus it was necessary to assess the effect of the cold joint. Two sets of 
specimens were tested (Figure 22 and Figure 23), with and without cold joint, which 
resulted into identifying a problematic connection for both cases, due to the shear 
reinforcement arrangement (Figure 24). 


Figure 22. Rib-membrane cold joint Magar’. - 23<: Craciing’. sPHor “10 


specimen failure 


A new reinforcement arrangement was adopted (Figure 25\0 was adopted and the 
final specimens were tested in the aforementioned 4-point tests. 


RIB REINFORCEMENT i f= 35mm 
scale 1:2 ! 
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Figure 24.Initial shear reinforcement Figure 25. Revised shear reinforce- 
to rib-membrane joint ment to rib-membrane joint 
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3. CONCLUSIONS 


This paper outlines the significant modifications that were caused to the initial 
design assumptions by the extended experimental program that was designed and 
executed for the design and construction of the SNFCC Ferrocement canopy. The 
basic result of these tests is that the assumptions and formulas of EN1992 can be 
adopted for the design of ferrocement although the difference in scale and high 
“concrete” grade usually result in a slight underestimation of the actual capacity. 
Additionally the tests demonstrated a required modification in the original shear 
reinforcement of all the rib elements as well as superiority of the ribs and beams 
(transverse directions) being on the same side of the membrane instead of them 
being on opposite sides as originally intended. 
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STURDY, DURABLE, FAST-TO-BUILD, 
AND LOW-COST FERROCEMENT 
HOUSES 


Milenko Milinkovi¢ 


Milenko Milinkovic (M.Sc. in El. Eng. Member of SAIN, MC Systeme Congo s.a.r.1., 
mcesystemecongo@gmail.com, Kinshasa, DR Congo) 


SUMMARY: This paper presents the experience in building low cost houses in ferrocement 
technology, arched cross-section with on-site construction, using skeletal method combined 
with steel hollow structural sections. The author wanted to develop a simpler, faster and more 
cost-effective system of the construction smaller buildings, retaining their stability and 
durability, energy-efficiency and resistance to earthquakes and storm winds at the same time. 
The goal was to enable non-porfessionals to build houses on quick and simple way using 
standard, easy accessible materials and tools. Houses such as described in this paper were 
built in DR Congo and have proven to be, fast to build, safe, durable and serviceable with 
practically no maintenance required. In 2016, 10 such houses have been built in less than 
four months. The author has promoted the solution for construction such houses in continent 
climate conditions too, using stronger frame and much better thermal insulation, without 
thermal bridges. 


KEY worDs: Ferrocement, low cost houses, energy-efficiency, resistance to earthquakes. 


1. INTRODUCTION 


The author’s first experience in ferrocement construction, dates back to 1981. 
when he constructed his first ferrocement dome using the Skeletal Armature Method 
described in [1] 
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Later, the author developed the MC System of sustainable construction which 
includes the use of prefabricated, flat, thermo-insulated, three-layer ferrocement 
elements for the rapid construction of permanent semi-cylindrical polygonal 
structures, with a range of up to 33 m in width (so far), lengths as needed, as 
intended for different purposes. 


One leading application of the MC system with significant cost benefits was found 
in the construction of sport’s halls and covered swimming pools. 


However, using the MC System in the construction of individual small residential 
buildings or housing units, issues with cost-effectiveness become clear, namely: 
investments in the production and transport of prefabricated ferrocement elements, 
and on site scaffolding and erection crane for their installation are necessary. 


For this reason, the author decided to develop a simpler, faster and more cost- 
effective system of construction for smaller buildings, retaining their stability and 
durability, energy-efficiency and, at the same time, resistance to earthquakes and 
storm winds loading. 


Figure 1.1 


The goal was to enable non-professionals to build houses on quick and simple way 
using standard, easy accessible materials and tools. 


Simplified procedures for the serial construction of row of low cost, durable, 
thermally insulated houses are explained. The paper gives a description of 
construction of open space housing and its folding up from light, arched steel hollow 
structural sections, light reinforcing mesh and welded wire mesh (Figs. 1.1 and 1. 2) 


By fixing the polystyrene boards from the inside of the structure, the exposed shutter 
for mortar applying is made, at the same time thermal insulation layer of the house is 
formed. 


The procedure of forming a ferrocement shell which provides stabile static system 
with the steel skeleton of the object is described. In such way, a unique internal 
space of the object is formed, and it can be partitioned by a dry walling or any other 
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method according to habitants requires. Complete interior space can be easy 
redesign because the partition walls are not load bearing walls. 


Figure 1.2 


The shape and dimensions of the house have been carefully chosen, all high-priced 
materials, steel profiles, reinforcing meshes, polystyrene boards, plaster boards are 
embedded in standard factory dimensions. In such way the quantities of waste 
construction material are reduced to minimum. 


Paper contains detailed review of construction procedure, material consumption and 
price analyses. During the year 2016, 10 such objects have been constructed in less 
than four months. 


Houses, especially quick built by described technology are sturdy, durable, energy 
efficient, resistant to earthquakes and strong winds. Fire cannot make structural 
damage and objects are hand gun bulletproof, on site testing proved. 


These houses are built in DR Congo, Africa, so the thermal insulation of houses is 
adapting to tropics climate conditions there. The author has promoted the solution 
for construction such houses in continent climate conditions too, using stronger 
frame and much better thermal insulation, without thermal bridges. Ferrocement 
construction is strengthen by ferrocement ribs from outside, dimensions calculated 
to allow covering with soil in aim to realize an effective green roof. On such way, 
houses obtained a particular high energy efficiency, up to passive house level. 


2. STRUCTURAL DESIGN 


Based on an extensive preliminary evaluation and a number of design iterations, the 
author selected a modified half-cylindrical form as the optimal shape (Fig. 2.1). 
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Dimensions of such structures are also carefully chosen to match standard factory 
dimensions of materials used in construction, so as to minimize building waste. 


ferrocement 


steel frame 


inside floor | 


Figure 2.1 


3. CONSTRUCTION PROCEDURE 
The following steps describe the construction process: 


3.1. On the leveled and compact ground, a 7cm thin reinforced concrete slab 
strengthen by ribs along its edges is poured (Fig. 3.1). 


3.2. Arched rib elements from already welded light steel rectangular profiles 
60x30x2mm are placed vertically on the concrete foundation edges with 100 cm 
spacing in between (Fig. 3.2). 


Figure 3.1 
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Figure 3.2 Figure a3 


3.3. To obtain a firm structure, horizontal steel armature rods are welded to the metal 
arches (Fig.3.3). 


“ we 
“See Tet 


_— en — 
Figure 3.4 Figure 3.5 


3.4. Welded wire fabric is then attached and welded to the so formed steel skeleton 
(Fig. 3.4). 


3.5. After that, two layers square welded galvanized wire meshes are placed on the 
outside of the welded wire fabric (Fig. 3.5). 


3.6. Standardized polystyrene boards (100 x 50cm) are placed on the interior side of 
the structure between the arched profiles and tightened to the structure (bound with 
thin wires). The polystyrene boards have two roles: during the construction phase 
they act as support for placing the mortar, and during usage, they form a thermo- 
insulating layer (Fig. 3.6). 


3.7. Next is the cement mortar is plastered from the external sides of structural shell 
and front walls (Fig. 3.7). 
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Figure 3.6 Figure 3.7 


Figure 3.8 


3.8. From outside a hydro-insulation layer is applied (Fig. 3.8). 


3.9. From inside of the structure, standard galvanized profiles are mounted to later 
support plaster boards and ceilings (Fig. 3.9). 


Figure 3.9 
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3.10. Plaster boards are placed and thus the interior space is formed (Fig. 3.10 ). 


3.11. The interior space can be organized without any restriction since the partition 
walls are not load bearing (Fig.3.11). 


ReiSeicicieies 


Figure 3.10 Figure 3.11 


3.12. Some examples of possible interior details and lay-out are shown in (Fig.3.12). 


Figure 3.12 


4. COSTS ANALYSIS 


A detailed cost analysis has been carried out for a house of 8 x 12m (Fig. 4.1) 
including the finished interior as shown in Fig. 3. 12. 
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Figure 4.1 

Table 4.1 
description quantity price per unit | total € 
1 | Concrete 12m x 8m x 0,08 = 8 m3 65 520 
2 | Metal profiles 630 kg 0,7 441 
3 | Reinforcement bars 480 kg 0,6 288 
4 | Reinforcement mesh 520 kg 0,7 364 
5 | Wire mesh 370 m2 155 525 
6 | Polystyrene 10 m2 50 500 
7 | Mortar 6 m3 80 480 
8 | Gypsum boards with accessories 280 m2 4,5 1.260 
9 | Windows 4 pieces 90 360 
10 | Doors 5 pieces 130 650 
11 | Waterproofing 150 m2 9 1.350 
Total materials | 6.738 
12 | Fees for 180 person 180 man/day 20 3600 
13 | Electrical installations 320 
14 | Water and sewerage 280 
15 | Furnishing bathroom 560 
Allin total | 11.498 
per m2 143 
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5. POSSIBILITIES OF APPLICATION 


From an architectural design and layout perspective, several possibilities for 
applications have been considered and are illustrated in Fig 5.1 to 5.5. 


Figure 5.3 — Hospitals 


Figure 5.4 — Military ammunition storage 


116 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT AND THIN FIBER 10 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


Figure 5.5 — Villa Tanganjika 


6. CONCLUDING REMARK 
Houses such as described in this paper were built in DR Congo in 2016. 


Ten such houses have were built in less than four months, and have proven to be, 
fast to build, safe, durable and serviceable with practically no maintenance required. 


In a similar way the author built his solar house tventy years ago.So far the house 
has required virtually no maintenance. 


The same situation is with the author's first dome built in ferrocement technology 
forty years ago.A layer of lichen formed on the outside and same color on the inside 
from the moment of construction. 


The ferrocement structure of the shell is completely preserved undamaged. 
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SUSTAINABLE AND FLEXIBLE 
SYSTEM FOR CONSTRUCTION WITH 
FERROCEMENT 


Milenko Milinkovi¢ 


Milenko Milinkovic (M.Sc. in El. Eng. Member of SAIN, Milinkovic Company L.T.D 
Chairman., milinkovicco@gmail.com., www.milinkovicco.com, Serbia, Belgrade) 


SUMMARY: 


In this paper the author gives a retrospective of his engagement in ferrocement and 
explains through numerous examples the advantages of a sustainable system of construction 
he developed using ferrocement and identified as the MC System. The examples of 
applications given illustrate the line of thoughts and approaches that led to the final system 
selected. When about the author learned of the use of ferrocement in yacht construction, he 
decided to implement that technology in housing application. He built a dome 7m in diameter 
using ferrocement ( 1981). He designed and constructed a dome for a solar house, 18,5m in 
diameter, with semi-cylindrical garage, finally arranged as a green roof, and many other 
facilities .Compared to other systems for housing, MC System provides cheaper and quicker 
construction, excellent energy efficiency (min class B), low maintenance cost, durability and 
resistance to earthquakes, storm winds and fires. 


KEY worps: MC System, ferrocement, energy efficiency, green roof, durability, resistance. 


1. INTRODUCTION 


From his student’s days in the second half of the 20th century, the author analyzed 
how to build housing structures respecting common user needs and minimum heat 
losses .It is well known that heat losses are in direct proportion to the amount of 
external surfaces of houses. On the other hand, it is also well known that of all 
shapes, a sphere has the smallest surface compared to its volume. 
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These principles led to exploring semi-spherical forms of building structures which 
provided, beside minimum heat losses, an elegant solution for statics in terms of 
structural load resistance. At the time it was not clear which technology allowed the 
economical construction of such structures. 


When about the author learned of the use of ferrocement in yacht construction, he 
decided to implement that technology in housing applications. In 1981. he built a 
cupola, 7m diameter dome (Fig 1.1 and 1. 2) using ferrocement. 


Figure 1.1 Figure 1.2 


2. BACKGROUND 
Following this first experience, the author designed and built next structures: 


- Two tanks for fruit fermentation (2200 dm3 and 1500 dm3) in 1982. 

- Round table (2m) and two elliptic table (3m) in 1983. and 1995.(Figs.2.1 and 2.2) 
- Two garden pools (Fig. 2.3) 

- Dog house, 1999. (Fig. 2.4) 

- An artistic studio, total area of 100 m2, 1999. (Figs. 2.5 and 2.6 ) 
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Figure 2.5 Figure 2.6 


Seeking for the optimal form of building, considered together statics and energy 
efficiency point of view, the author undertook the project to semi-cylindrical 
workshop using the Skeletal Armature Method described in [1] (total area 1070 m2, 
width 15 m, length 65 m, height 7,5m) 1999. (Figs. 2.7 and 2.8). The skeletal 
method start by building out of steel rods a skeletal structure or frame resembling 


Figure 2.7 Figure 2.8 
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Soon after that, he constructed a dome for a solar house, 18,5 m in diameter, with 
semi-cylindrical garage, all covered with 500 m3 of soil and stone, finally arranged 
as a green roof (Fig 2.11). Both buildings are fully constructed using two 
ferrocement shells, 20-30 mm thick, interconnected by ferrocement ribs (40 cm) of 
the same thickness. 


Figure 2.9 


Figure 2.10 


Figure 2.11 
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3. DECISIONS 


To avoid some of the known disadvantages of the skeletal method of construction, 
the author searched for examples of prefabricated ferrocement elements in semi- 
cylindrical structures. 


As the best fitting form, the optimal structural design of building, the semi- 
cylindrical (semi-elliptical) cross-section of object has been chosen. A row of 
prefabricated ferrocement elements in half-ring shape order, constitute the building. 
Based on all these experience and acquired knowledge, the author set a goal for 
himself to achieve maximum level of optimization in process of construction, 
transport and installation of elements all together. The final achievement was 
establishment an unique total MC SYSTEM of sustainable ferrocement construction 
of high-quality, secure, durable, eco-friendly, multifunctional buildings on easy, 
quick and worthwhile way using one and only one type of prefabricated ferrocement 
elements. 


4.MC SYSTEM 


The first experience in using Open and Closed Mold Method, the author acquired by 
construction ferrocement spiral-shaped stairs in 2000 year. 


Trying to develop a system of construction by using the prefabricated ferrocment 
elements, the author's first attempt was curved (arched) ferrocement. He first 
realised that tools for prefabricated curved (arched) ferrocement elements are too 
complicated to be produced. 


He gave up from that solution for two reasons: first - the tools for produce arched 
elements are too complicated and expansive and second — the author did not succeed 
in way how to avoid thermal bridges. 


He found out that the best solution is to produce flat, three-layer thermal-insulation 
prefabricated ferrocement elements for construction polygonal arch-form buildings. 
Dimensions of prefabricated ferrocement elements are chosen to fit best the 
transport abilities of trucks and containers. 

Soon, he built two halls 17 m in diameter and 56 m long in that technology to his 
own company purpose (Fig.4.3). 


Following this breakthrough, what became known as the MC System of sustainable 


ferrocement construction started and has been improved during years of additional 
experience. 
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Figure 4.3 


The MC System allows the construction of a house or a structure by using only one 
type of prefabricated ferrocement element. 

All necessary advanced tools for structural elements production are developed. The 
core of tools are same for all spans of elements. All necessary scaffolds together 
with appropriate tools are approved in advance for simple and fast assembly of 
elements. 

The MC System allows the construction of large closed spaces designed for very 
different purposes, having a semi-elliptical shape in cross-section, and of variable 
length as requested by the customer. It is possible to build structures of different 
diameters, the largest being 33,8m so far. Desired internal organization of built 
space is realized as an absolutely independent static system. 

Within the capability of the MC System, a solution for high energy efficient covered 
swimming pools is also available. The pool's shell is also made of prefabricated 
ferrocement elements and its assembly is done on the floor of the building. 

All certifications for prefabricated elements, tools, scaffolds and final construction 
has been obtained. 

Thermal solar panels that satisfy the daily supplies of hot sanitary water are installed 
on the roof of each hall. Additional photovoltaic panels with 22 kW of power were 
also installed on one hall providing the hall with more than necessary electrical 
energy for its annual consumption. It was the first example energy sustainable 
construction in Serbia (Fig 5.1). 

With just one truck, 12 prefabricated ferrocement elements, enough for 70 m2 floor 
surface of object constructed can be transported. Low transport costs per m2 give the 
opportunity that, with elements produced for example in Serbia, houses throughout 
Europe can be constructed. Transport costs for example between Serbia and Holland 
are less than 35 euro/m2. 

There are three types of elements, and depending on the total number of elements 
there are nine types of objects (Table 4.1). 
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Table 4.1 
No. Ne Sa Net height a, 
Type Angle a wide wide height 
elements (m) 
(m) (m) (m) 
12 16.8 17.9 8.4 8.9 
A 82.5 13 19.3 20.4 8.4 8.9 
14 21.8 22.9 8.6 9.1 
16 22.3 23.4 11.0 11.8 
B 84.4 17 24.7 25.8 11.0 11.8 
18 27.2 28.3 11.2 12.0 
20 27.8 28.9 14.0 14.6 
Cc 85.5 21 30.2 31.3 14.0 14.6 
22 32.7 33.8 14.2 14.8 


By time, work experience allowed to obtain new knowledge and improve former 
solutions in production, transport and assembly of elements. 


4.1. Tool design 


Tools for production ferrocement elements are designed to be make from 
prefabricated steel profiles and sheets. Each tool is constructed as a vibrating table. 


Figure 4.4 Figure 4.5 
4.2. Elements design 


Elements are constituted from three layers. 

The first layer is ribbed reinforced ferrocement board, 2-3 cm thickness. It contains 
reinforcement welded wire fabric, steel rods and two-four layers square welded 
galvanized wire mesh. 
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Figure 4.6 Figure 4.7 


The second layer is thermo-insulating layer. It is made from polystyrene boards and 
grains joined by cement with special additives supplement. Wishing that constructed 
objects can be certificate as “A” class of energy efficiency, thickness of 25 cm 
thermo-insulating layer has been adopted. Thermo-insulating layer made on that 
way, allowed that prefabricated ferrocement elements got the 60 minutes fire 
resistant certificate. 

The third layer is protection ferrocement layer 2 cm thickness (Figs. 4.6 to 4.8). 
During the production of elements, the layers are deposited fresh on each other, so 
the produced elements are compact. 
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Figure 4.8 
4.3. Transport of elements 


Dimensions of elements are chosen to take adventure of standard overall dimensions 
of containers and tracks. Only by one ordinary track tour, it is possible to transport 
to the construction site 12 elements-three package of four (Fig.4.6), which is 
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enough for cca 70 m2 floor surface of building. Their total weight is approximately 
20t. 


4.4. Scaffolding 


To make transport of supporting scaffold to construction site more effective, special, 
separable structures were developed (three type). They may be put together on 
construction site easy and fast (Fig. 4.9). 

For assembly ferrocement elements, not more than seven arched structures are 
needed because they can be easy transfer over the construction site. 

For transporting these scaffold structures as for transporting attached plating to the 
construction site, four track tours are necessary. 


Figure 4.9 


i 
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Figure 4.10 Figure 4.11 Figure 4.12 
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4.5. Assembly of elements 


On the mounted scaffold on construction site, the prefabricated ferrocement 
elements are arranged one above the other, like a huge bricks. On such way, the 
arched rows of elements are formed. Between the rows of elements some space 
intervals are left. The endings of armature rods from ferrocement elements are going 
into that space and armature from arches, according to statics calculation, too. 

When the plating from inside and outside is set, the space for forming reinforced 
concrete arches is closed (figs. 4.10 to 4.12 ). 

MC system allows to build object 1000 m2 surface for less than a month. 


5. CONSTRUCTED FACILITIES 


From 2010. the core company business is to project and construct different buildings 
by prefabricated ferrocement elements. Up to 2020., ten sports halls was built. 


Figure 5.2 


Figure 5.1 


6. CONSLUCIONS 


The advanced MC System of sustainable ferrocement construction enables quick, 
simple, and cost-effective construction of sustainable buildings which provide 
savings in the energy and materials for a life time and have low maintenance costs. 
Constructed structures (houses, sport's halls, covered swimming pools) are secure, 
durable,high level energy efficiency and resistant to earthquakes, storms and fire. 
Low transport cost per m2 allows for prefabricated elements produced for example 
in Serbia, to be used in housing construction throughout Europe. By simply 
installing photovoltaic panels on the buildings, become SUSTAINABLE, that is, 
they provide all the necessary energy for their own functioning. 
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SUMMARY: Ferrocement and other laminated cementitious composites offer performance 
attributes for a variety of applications. This paper summarizes selected developments on the 
computational modeling of these materials. Near one end of the modeling spectrum, the effects 
of the reinforcing mesh are smeared out within a simplified representation the cement-based 
matrix. Toward the other end of the spectrum, the mesh and its interactions with the matrix are 
explicitly modeled within a volumetric representation of the composite material. The choice of 
computational model should reflect the design objectives. This paper also briefly reviews the 
modeling of short-fiber reinforcement, which can be used in conjunction with wire/fabric grids 
in laminated cementitious composites. 


KEY WORDS: computational analysis, continuum models, discrete models, fracture, grid 
reinforcement, short-fiber reinforcement. 
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1. INTRODUCTION 


Ferrocement is a proven construction material for a variety of marine 
and terrestrial applications [17]. Ferrocement, along with other thin 
laminated cementitious composites (TLCCs), can be used for new 
construction or for the repair/retrofit of existing structures [15]. 
Whereas the technological bases for structural design have been 
established, ferrocement can be made from a multitude of different 
reinforcing grid materials, matrix materials, and processing techniques 
[16,17]. This multitude of options, along with a wide array of potential 
load and exposure conditions, suggests opportunities for innovation and 
design optimization [6]. Along with physical testing and monitoring of 
field performance, computational modeling is an effective means for 
material and structural design optimization. 


This paper reviews selected developments in the computational 
modeling of ferrocement and other thin laminated cementitious 
composites. The modeling of structural concrete is first summarized, 
since many of the fundamental concepts are relevant to the modeling of 
ferrocement. The emphasis of this review, however, is on the additional, 
unique challenges associated with modeling ferrocement and its 
applications. The review scope includes the modeling of short-fiber 
reinforcement, which can be used in conjunction with the grid 
reinforcement [4,22]. The discussions center on cases where the thin 
laminated composite is spatially discretized in a structural setting, 
rather than on the modeling of sectional behavior. As part of the 
conclusions, needs and opportunities for research are mentioned. 


2. MODELING CONCEPTS 


Ferrocement and reinforced concrete are similar in their material 
compositions: both are composed of a quasi-brittle cementitious binder 
with internal reinforcement to accommodate tensile cracking. The 
reinforcement is commonly in the form of steel wires or bars, but non- 
ferrous forms of reinforcement are also being used. Models of these 
composite materials or structures should account for the actions of the 
cementitious binder and reinforcement, as well as their interactions in 
the post-cracking state. Whereas laminate theory can be useful for some 
design purposes, computational modeling can provide fuller 
understandings of behavior for a broader range of loading conditions. 
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2.1 Motivations for computational modeling 


There are myriad motivations for developing computational models of 
thin laminated cementitious composites and, in general, concrete 
materials and structures. The motivations stem from several factors, 
including: 


e practical limitations of physical testing, especially considering the large 
ranges of length and time scales relevant to many applications. The 
production of statistically significant and representative test results is 
generally cost-prohibitive; 


e potentially large variations in the properties of the constituent materials. 
Furthermore, the methods of processing often produce unintended 
variations in the distributions of constituents, including variations in the 
positioning of reinforcing components; 


e sensitivity of the cementitious binder to early-age thermal, chemical, and 
physical processes and the dependence of these processes on curing 
practice; 


e aging and degradation of material components under the influences of 
multiple, potentially aggressive, environmental phenomena; 


e  three-dimensionality of material structure, transport mechanisms, load 
paths, and damage processes; and 


e lack of quantitative links between these phenomena occurring at different 
length and time scales. 


2.2 Modeling approaches 


Most of the advances in the modeling of concrete materials and 
structures have been accomplished within the framework of finite 
element methods. The basic techniques for structural analysis under 
mechanical loading have been developed decades ago, as summarized 
in an American Society of Civil Engineers (ASCE) committee report 
[26]. The ASCE document reviews key concepts such as constitutive 
modeling of concrete under multi-axial stress conditions, representation 
of cracking (including coverage of smeared versus discrete crack 
models), inclusion of reinforcement and its associated bond with the 
concrete, time-dependent effects including shrinkage and creep under 
sustained loading, and structural response to dynamic loading. The 
ensuing literature contains an additional wealth of information on the 
continued development of finite element and alternative modeling 
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strategies. Notable among these publications are those produced by the 
FraMCoS and EURO-C conference series. 


One broad categorization scheme places models into one of two 
categories, depending on whether the material is represented as a 
homogeneous continuum or as a collection of discrete entities. 


2.2.1 Continuum models 


Continuum models provide an average description of material behavior 
for a representative volume element. Whereas microstructure can be 
considered within the continuum description (e.g., through the use of 
homogenization and constitutive modeling techniques), this is done in 
a mean field sense. The simulation of complex behaviors requires a 
large number of parameters, which are typically calibrated through 
comparisons with experimental results. Nonetheless, continuum 
approaches are attractive for engineering analysis, since sizable 
domains can be analyzed in a computationally efficient manner. In 
cases where damage is finely distributed over a region of a structural 
component, its modeling via a continuum approach is attractive. The 
influence of reinforcing components can be represented by either 
embedding their actions within the continuum description or by 
explicitly representing them as structural elements (e.g., as beam or 
frame elements). Bond-link elements allow for slippage along the 
concrete-reinforcement interface. 


2.2.2 Discrete models 


Discrete models are based on discontinuous approximations of the field 
variable within the computational domain. This category includes 
lattice models, in which the system configuration (including disorder) 
and behavior are represented by a collection of primitive two-node 
elements. Dense nodal arrays are typically needed to resolve the 
relevant material features. The idea of discrete structural modeling is 
not novel, but only through advances in computing technology have 
these approaches become viable for 3D analyses. These models can be 
subcategorized, depending on whether contact modeling is an essential 
part of the solution process (as for the Discrete Element Method, DEM) 
or elemental connectivity between nodes remains constant throughout 
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the analysis (as for classical lattice models). The former case is 
applicable to handling particle flows, whereas the lattice is typically 
better for stress and fracture analyses. As described later, discrete 
approaches offer various ways to model reinforcement and its bond to 
the host medium. 


2.3 Modeling of TLCCs : unique factors 


As previously noted, although the computational modeling of 
reinforced concrete structures is firmly established in the literature, 
lesser attention has been devoted to TLCCs (including ferrocement) and 
structures made of TLCC components. Both construction technologies 
share common points of interest, but the modeling of TLCCs involves 
several particular considerations, including 


e The thin laminate nature of structural elements; 


e The use of small-gauge wire mesh rather than larger, more widely 
spaced steel bars; 


e Miulti-dimensionality of the reinforcing mesh and its influences 
on post-cracking behavior; 


e The role of nodal connections between wire mesh (or fabric) line 
components; 


e The outer and inner bond properties of reinforcement composed 
of multi-filament strands [3,9,11]; and 


e Enhanced sensitivities to variations in cross-section depth and 
reinforcing mesh positioning within the cross-section. 


Past modeling efforts have addressed many of these considerations 
[2,10,19,21]. Soranakom and Mobasher [24,25] employed a finite 
difference method to analyze fabric reinforced concrete loaded in 
uniaxial tension. The model explicitly represented the bond properties, 
anchoring actions of transverse yarns, and slack in the longitudinal 
yarns. The importance of anchorage effects was clearly demonstrated. 
An attractive feature of some modeling approaches is their ability to 
account for multiscale effects, along with the spatial positioning of 
reinforcement (i.e., the wire mesh and/or short discontinuous fibers) 
within the material volume [12,13]. 
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3. DISCRETE MODELS OF TLCC AND FIBER COMPOSITES 


A distinction can be made between models that average the effects of 
the reinforcing grid within a representation of the matrix, and those that 
provide an explicit, spatial representation of the grid within the material 
volume. This section highlights a class of discrete, particle-based 
models (i.e., rigid-body-spring models) that are adept at representing 
fracture and the influences of continuous and short-fiber reinforcement. 


3.1 Model components 
3.1.1 Matrix phase 


The matrix phase is modeled as a rigid-body-spring network, based on 
the rigid-body-spring concept of Kawai [14]. The rigid-body-spring 
elements (or lattice elements) interconnect on a set of randomly placed 
nodal points (Fig. 1). Each element is composed of a zero-size spring 
set connected to its nodes via rigid-arm constraints. The elasticity and 
fracture properties of the element are lumped within the spring set. By 
virtue of the Delaunay/Voronoi definition of the network connectivities 
and element geometries, the model is elastically homogeneous under 
uniform modes of straining and energy-conserving with respect to 
mode-I dominant fracture [7]. 


rigid constraint 


rigid constraint 


2) ee ee (b) 7 (c) Ny 

Figure 1 - Domain discretization: (a) lattice topology defined by the 
Delaunay tessellation of the nodal point set; (b) volume rendering based 
on the dual Voronoi tessellation of the point set; (c) view of lattice 
element ij 


3.1.2 Reinforcement and bond 


Reinforcing components can be modeled as a series of frame elements 
(i.e., line elements that possess both axial and flexural stiffness). These 
components can be positioned in the material volume regardless of the 
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discretization of the matrix phase, which greatly facilitates model 
construction. Nodes of the reinforcing component connect to the matrix 
nodes via a bond link element and a rigid-arm constraint, which is 
shown in Fig. 2. The bond link accounts for the nonlinear shear stress- 
slip relationship of the interface along the length of the reinforcing 
component and the bearing pressures that arise in the orthogonal 
directions. 


© concrete node 


e reinforcement node 
== rigid constraint 


Figure 2 -— Modeling of concrete-reinforcement interface: 
reinforcement node J connects to matrix node i via a bond link (located 
at node /) and a rigid-arm constraint 


3.2 Illustrative examples 


Several modeling exercises are presented herein to provide an overview 
of the capabilities of the modeling approach. Details regarding each 
exercise can be found in the source documents. 


3.2.1 Shrinkage cracking controlled by carbon fiber nets 


This discrete modeling approach was used to estimate the time- 
dependent behavior of concrete reinforced with carbon fiber nets 
(CFNs) [23], as tested by Yang and Makizumi [29]. Figure 3 shows the 
layout of the test specimens and one of the corresponding models. The 
reinforcement grid was made of PAN-type continuous carbon fiber 
strands, each consisting of filaments bound by epoxy resin. The test 
program investigated the effectiveness of four configurations of CFN, 
which differed in the spacing of transverse reinforcement: 5cm, 7cm, 
10cm and no transverse reinforcement. Control specimens without 
reinforcement were also tested. Following a 3-day curing period, 
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specimens were exposed to a controlled drying environment (504+3% 
RH). 


With respect to the models, each carbon fiber strand is explicitly 
represented by a series of frame elements. Where transverse strands are 
present, they are rigidly connected to the longitudinal strands at the grid 
nodes. The shrinkage and creep response of the concrete were 
estimated using well-known prediction models [5]. 


When the concrete specimen is subjected to drying shrinkage, tensile 
stresses develop in the concrete while compression occurs in the 
restraining steel channels. All specimens (physical and numerical) 
cracked at mid-length, due to prenotches introduced at that location. As 
shown in Fig. 4, the simulated and measured crack widths agree well. 
As expected, the largest crack openings appear for the control specimen 
without reinforcement. It is also evident that the presence and spacing 
of transverse strands affect crack opening, due to their role as 
mechanical anchorages. Smaller spacing leads to smaller crack 
openings over time. 


|. 1500 -| [200.1 
——e 
“TE MMM 
(dimensions in mm) (a) sal par 4 CFNs (b) 


Figure 3 — CFN reinforced concrete: a) specimen; b) numerical model 
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Figure 4 — Effect of transverse strand spacing on crack width 
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3.2.2 Panel elements subjected to cyclic loading 


Yamamoto et al. [28] use a similar approach, also based on the rigid- 
body-spring concept, to simulate the behavior of structural concrete 
under reversed cyclic loadings. In particular, they simulated the 
behavior of reinforced concrete panels subjected to in-plane shear and 
low-rise walls, also under shear-type loading. A key feature of their 
approach is the consideration of cyclic load behavior within the 
constitutive models of the matrix phase and within the bond link 
elements representing the interface between the concrete and 
reinforcing bars. The cyclic bond model is shown in Fig. 5, where s and 
T represent slip and shear stress, respectively. 


Figure 5 — Bond stress-slip relationship under cycle loading 
(adapted from Yamamoto et al. [28]) 


In the experiments [20], in-plane shear force was applied to 2.5m square 
panels through shear keys attached to the panel edges. The concrete 
panels had a thickness of 140mm. The principal test parameter was 
reinforcement ratio p which, for each principal direction, ranged from 
0.51% to 2.04%. 


Results of the panel test simulation for the case px = py = 0.0051 are 
presented herein. The average shear stress-strain response to cyclic 
loading is presented in Fig. 5, along with simulated crack patterns at 
two different stages of the loading history. The model captures both the 
shear strength levels and the pinched character of the cyclic load 
response. The simulated damage patterns feature discrete-like cracks 
that agree well with the experimental observations. As the reinforcing 
ratio is increased (within both the experimental and modeling 
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campaigns), shear resistance increases and the extent of loop pinching 
decreases. Furthermore, the spacing of diagonal cracks becomes 
smaller as the amount of reinforcing steel is increased. The simulation 
approach reproduces the experimental results with remarkable accuracy 
over the whole range of reinforcing ratios. These RC panel test 
simulations are relevant to applications where ferrocement, or other thin 
laminate cement composites, are used for structural retrofit or for 
seismic resistance, in general. 


shear stress (MPa) 


shear stress (MPa) 


8 -4 0 4 8 
shear strain (x10) 

Figure 6 — Average shear stress-strain relationships and simulated crack 

patterns within the panel specimens at selected load stages (adapted 

from Yamamoto et al. [28]) 


12 B 


3.2.3 Tensile behavior of strain-hardening cement composites 


The reinforcement model briefly described in Section 3.1.2, and used 
in the preceding examples, can be used to model individual fibers 
within fiber reinforced concrete. Since the definition of the fibers 
requires nodal degrees of freedom, however, that approach becomes 
computationally expensive even for small amounts of fibers. 
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Figure 7 - Multiscale modeling of FRC in tension: (a) slip and stress 
transfer along matrix-fiber interface; (b) fiber pullout and crack- 
bridging; and (c) composite behavior of FRC 


Alternatively, the pre- and post-cracking actions of fibers can be made 
dependent on the motion of the particle structure representing the 
matrix phase [7]. The addition of fibers does not inflate the number of 
computational degrees of freedom and therefore realistic volumes of 
FRC can be simulated. The model explicitly represents the debonding 
and pullout of individual fibers, based on the micromechanics of 
interfacial slip between fiber and matrix [18]. The simulated 
macroscopic behavior of these composite materials depends on the 
collective actions of the numerous individual fibers represented in the 
multiscale model (Fig. 7). With respect to recent developments of this 
approach, two are noteworthy [13]: 1) fibers transfer load along their 
embeded lengths, rather than simply lumping their effect at the crack 
surfaces (like a cohesive crack law); and 2) handling of cases where 
multiple cracks cross a single fiber. 


_ wd - 60 
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Figure 8 - Discretization of dog-bone tensile specimen: (a) specimen 
dimensions; (b) placement of fibers within the specimen gauge length 
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This approach has been used to simulate the behavior of strain- 
hardening cement composites under tensile loading. In particular, we 
model the tensile specimens of Adendorff et al. [1,8], who quantified 
cracking using digital image correlation. The dog-bone type specimens 
of the experimental campaign are discretized as shown in Fig. 8. The 
model captured salient features of the load-displacement diagram (Fig. 
9), including the ultimate strain at which fracture localization occurs. 


Stress (MPa) 


- SHCC tensile tests (Adendorff et al. 2009; | 
Boshoff and Adendorff 2013) \ 
Lattice model 7;=1.0MPa 


— Lattice model 7;=0.8MPa 
0 1 2 2 4 5 6 7 
Strain (%) 
Figure 9 — Comparison of stress-strain response curves 


As for the panel specimen simulations described in Section 3.2.2, this 
type of model is adept at representing distributed discrete-like cracks, 
as shown in Fig. 10. This capability enables accurate estimations of 
crack width openings at various stages of the loading history. As shown 
in Fig. 11, for example, the model can trace the development of the 
measured crack opening histograms with increasing levels of tensile 
strain. These results were obtained using a planar model for which a 
finer mesh was used. The fine mesh was necessary to accommodate the 
denser arrays of cracks that develop at higher strain levels. From 
analysis of the model results, it is clear that crack opening is correlated 
to the distribution of fibers within the region of interest. Larger 
openings occur where relatively fewer fibers are present. 
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Figure 10 — Simulated multiple cracking pattern at 2% strain level 


—— : SHCC tensile tests (Adendorff et al. 2009) 
®@ : Lattice model (planar analysis model) 


e 
No 


210 Strain=0.5% Strain=1% 
x 
5 8 
~ 
° 6 
& 
24 
72 
0 
12 
210 Strain=2% Strain=3% 
Es 
36 
3} 
a4 
5 2 
0 


Crack opening (jum) Crack opening (jum) 


Figure 11 - Comparison of crack count-crack opening histograms for 
increasing levels of axial strain of the composite material 


4. CONCLUSIONS 


Ferrocement and other thin laminated cementititous composites can be 
used for a variety of applications, ranging from new construction to the 
repair/retrofit of existing structures. Numerous possibilities exist with 
respect to the choices of the binding phase, grid reinforcement, and 
production technologies. The choices are governed by many factors, 
including structural safety, serviceability, economy, and environmental 
impact over the life-cycle of the application. In addition to laboratory 
testing and monitoring of field performance, validated computer 


141 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT ANDTHIN FIBER 14 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


models offer a means to study cause-and-effect relationships and 
explore of range of design possibilities. 


Models based on laminate theory or sectional analysis have made key 
contributions to understanding the behavior of TLCCs and basic design 
issues. For many current research needs, however, it is essential to 
explicitly represent the binding phase and grid reinforcement within a 
spatial representation of the TLCC. This enables study of the roles of 
each material component, and their interactions, for differing 
production technologies and loading conditions. 


Herein, one form of particle-based lattice model was used to provide 
illustrative examples. Such models provide realistic simulations of 
distributed, discrete-like damage within the composite materials. The 
role of the reinforcement, in the form of a grid structure or dispersed 
short fibers, is captured by the modeling approach. 


Moving forward, there is a need for model validation and verification 
at relevant scales of interest. Such efforts are essential for confidence in 
a model’s predictive capabilities, which in turn are needed for material 
and structural design optimization. Validated models can simulate 
nominally identical specimens that differ only in the probabilistic 
assignment of the position and properties of material phases, which 
corresponds to the testing of replicate specimens in the physical 
laboratory. Model validation at multiple length and time scales requires 
the use of modern sensing technologies and close collaboration with 
experimentalists. 
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SUMMARY: Several numerical models reflecting the flexural response of steel-reinforced 
concrete beams have been developed in the past. However, their adaption to carbon-reinforced 
concrete needs to consider a different type of material behaviour. In addition, they must be 
able to reflect numerous reinforcement layouts with more flexible configurations of textile 
fabrics within the cross-section. In this paper, a general cross-section model for the derivation 
of the moment-curvature and load-deflection curves for concrete beams reinforced with short 
fibers, bar reinforcement and textile fabrics is introduced, which incorporates materials non- 
linearities and is easily applicable to cross-sections with arbitrary shapes and reinforcement 
layouts. The validation shows the ability of the model to reliably reproduce the experimental 
results. 


KEY WORDS: textile fabrics, carbon concrete, moment-curvature, SLS, flexural model, nonlinear 
behaviour, general cross-sections. 
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1. INTRODUCTION 


A wide range of numerical and analytical models and approaches for the evaluation 
of the moment-curvature response of steel reinforced concrete elements subjected to 
bending loading have been presented in the literature [1], [2], [3], [4], [5], [6], [7]. 
However, most of these models have been established based on specific assumptions 
for the material models, cross-sectional shape and the layout of the reinforcement 
layers. Moreover, only few research contributions have handled the case of carbon- 
reinforced bending elements [8], [9]. 


Adding to this the fact that, while several concepts for the assessment of the ultimate 
limit state (ULS) design of carbon-reinforced concrete beams exist, an efficient and 
flexible approach to the deflection assessment in the serviceability limit state (SLS) is 
still missing. 


In this paper, a generic flexural model for RC bending elements is presented which 
enables a flexible integration of different material models and an easy selection of any 
cross-sectional shape and reinforcement layout. This is possible due to the modular 
implementation of the model code in hierarchal structure of model components using 
Python programming language in combination with a rapidly evolving ecosystem of 
scientific computing libraries. 


The model can be utilized for different types of concrete composites reinforced with 
short fibers, bar reinforcement and textile fabrics. It can support the development of 
hybrid cross-sectional layouts to optimally exploit the properties of high-performance 
reinforcement materials [10]. 


The applicability of the model to bending elements is introduced and validated using 
experimental data on concrete beams reinforced with carbon fabrics, carbon bars and 
steel bars available in the literature. Using the model, it is possible to generate the 
moment-curvature curve for a specific configuration of the cross-section for the 
studied element. Depending on this, the load-deflection response can then be 
calculated for arbitrary beam support and loading configurations. 


The goal of this development is to provide a general, transparent, and efficient 
assessment procedure for reinforced concrete beam deflection that serves as the basis 
for applications in engineering practice. 


2. MOMENT-CURVATURE MODEL 
2.1. General implementation aspects 


The computational procedure follows the usual arrangement of the equilibrium and 
kinematic conditions at a representative cross-section of a beam in combination with 
non-linear constitutive relations and is similar to the approach described in [10]. For 
convenience, the kinematic assumption of linear strain profile is directly related to the 
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cross-sectional curvature Kk. In this way, the M-x relation needed for the deflection 
evaluation can be efficiently obtained using a set of non-linear equilibrium equations. 
To achieve maximum flexibility, these equilibrium conditions are formulated and 
implemented as a general integral function that can incorporate any material law for 
the reinforcement layers and for the concrete in form of multi-linear or continuous 
functions. Moreover, arbitrary number of reinforcement layers can be included. 


The moment-curvature relationship is obtained by solving the equilibrium of the cross 
section for a pre-defined relevant range of curvature values. By assuming that the 
cross-section remains flat after deformation, a linear distribution of normal strains 
along the cross-sectional height is obtained, which yields 


€ ee) 

e(2) = Sort 2-0 Sz Sh, (1) 
where &po; and E;op are the strain values in the bottom and the top of the cross-section, 
respectively, h is the height of the cross-section and z is the height of the evaluated 
strain assuming z = 0 corresponds to the bottom of the cross-section. The curvature 
is given as 


- de(z) Eas. Etop — Ebot 
dz h 


By combining (1) and (2) we obtain the strain profile over the cross-sectional height 


> Etop = —K A+ Shot (2) 


E(Z) = Epor — K*Z, (3) 


where pot iS unknown. This strain profile is used as an input into the constitutive 
relations defined for concrete and reinforcement in the next section to obtain the cross- 
sectional stress profile as a function of K, Z, Epot. 


2.2. Constitutive laws 


2.2.1 Constitutive laws for the concrete 


Figure 1 shows two types of applicable material laws: type (a) shows a material law, 
that is used in this paper for model validation and is composed of a piecewise linear 
function for both the compression and tension regions according to Yao et al. [7]. 
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Tension Tension 


Ecu Ey | 
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Ecu Ecy 
Figure 1. Two possible variants for the constitutive law for concrete 


The diagram in Figure 1 (b) represents another type of the constitutive law for concrete 
with a compression curve based on the Eurocode 2 [11] and a continuous curve with 
nonlinear softening in the tensile regime. 


2.2.2 Constitutive laws for the reinforcement 


A linear-elastic, brittle model was assumed for the carbon reinforcement as depicted 
in Figure 2 (a). 


a) g Carbon b) g Steel 


Ey 


en 


Figure 2. Constitutive laws used for the reinforcement; a) carbon material law; b) 
steel material law 


For validation with experimental data with steel reinforcement, the elastic, ideally 
plastic constitutive law was used for steel , see Figure 2 (b). 


The material laws presented above are pre-configured in the model setup. However, 
the implemented solution algorithm can handle any non-linear material law for both 
concrete and the reinforcement because the stress values are evaluated for each point 
along cross-section height. 


2.3. Derivation of the moment-curvature relationship 


The computational scheme depicted in Figure 3 exemplifies the strain and stress states 
of a cross-section using the multi-linear concrete constitutive law shown in Figure 
1(a). The residual tensile stress in the bottom part of the cross-section represents the 
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effect of short fibers. The calculation procedure illustrated in Figure 3 is caried out in 
four steps: 


]- 


The curvature values are assumed in a relevant range of the material behavior 
with the aim of calculating the corresponding moment values for each given 
curvature using the equilibrium conditions for normal force and moment in 
the cross section. 


By substituting equation (3) into the stress relations of concrete and 
reinforcement o,(€), 0,(€), we obtain the stress distribution over the height 
z as a function of the given curvature k and the unknown strain on the cross- 
section bottom &€o;. In other words, for each curvature value, we get the 
stresses in the concrete 0,(€(K,Z,€por)) and in the reinforcement 
0,(E(K, Z, Epot)), according to the used material laws. 


The stress distribution in the concrete is linearly approximated in a piecewise 
way along the cross-section height. To determine the concrete contribution 
of the normal force F,, the stress at height z is multiplied by the 
corresponding width b(z) and numerically integrated. 


h 
FL = [ 6,(z) - b(z) dz (4) 


The normal force from the reinforcement F, is obtained as the sum of all 
force contributions in all reinforcement layers, i.e. 


k= De Or; * Ar; (5) 


i 
Assuming that the applied normal force is zero, the equilibrium of normal 
forces in the cross section is simply given as 


K (k, Ebot) + F.(k, Epot) =0 (6) 


The cross-section equilibrium is then solved numerically for €)o¢ for each 
given curvature k in the relevant range k € (0,Kmax). The corresponding 
bending momentvalue can then be evaluated using the following equation 


M=SFaiait [oc b 2 dz (7) 
Z 


Kmax 18 defined such that the associated moment M(k,,,,) is smaller than 
that of the maximum reached moment, i.e. beyond the peak of M-x curve. 


The calculation exploits the open-source scientific computing library SciPy allowing 
an efficient solution of the nonlinear set of equations in parallel on a standard 
computer. 
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Figure 3. Summary of the approach used to calculate the moment M 
corresponding to a given curvature k. 


3. CALCULATION OF THE DEFLECTION 


To obtain the beam deflection for an arbitrary configuration of supports and loading, 
the M-x curve is inverted into a K-M curve, as in Figure 4. The moment diagram along 
the beam is determined for the given loading configuration and discretized as a 
piecewise linear function along the length of the flexural beam, see Figure 5. At each 
integration point, the curvature corresponding to the moment is assigned using the M- 
K relationship. Finally, the deflection is obtained using a double integration of the 
curvature curve along the beam over the longitudinal coordinate x, see Figure 5. 


The ultimate load for the beam under given boundary conditions Fy, is calculated 
using the maximum moment value M,,,, in the M-x curve, see Figure 4. The relation 
between the moment and the corresponding force can be obtained from the moment 
diagram of the beam in its peak value, e.g. for the case of simply supported beam with 
4-point bending setup, this can be calculated as Fnaxy = Mmax/Xp, see Figure 5. 
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curve inversion 
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Figure 4. The calculated M-« curve with its inversion: a) M-k curve; b) inverted M- 
K curve; c) stress state of the cross-section that corresponds to a loading level 
indicated by the yellow circle 
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Figure 5. The calculation of beam deflection based on the obtained M-x relation. 


4. MODEL VALIDATION WITH EXPERIMENTAL DATA 


The moment-curvature and load-deflection curves obtained using the introduced 
model have been compared with experimental data. To show the feasibility of the 
model in a broad range of applications, both carbon and steel reinforced concrete 
sections have been included in the validation. Table 1 summarizes all the used 
experiments. 
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Table 1. List of experiments used for the validation of the model 


Test ID aes ES 
oa mm a ie YIMPal 
Gribniak 2012 |S3-1-F05 302 560 203 35000 
(steel) $3-1-F15 300 28 560 203 34000 


Yang 2010 R12-1 0. 270 600 200 191} 46418 
(steel) R13-2 0.9} 180} 270 35 380 - 600 200 192} 46680 


_. |B-M-S-K1] 0.6] 400] 200] _19 452 -| 550] 200] _—64|_ 33525 
2020 (carbon) |E-M-C-K4| 0.2| 400] __200|__35 140 -| 1891] 135] 64] 33525 
BM-C-K2]| 0.3] 400] 200] _66]_—-|_—14o]_—— | 10a] 135] 64] 33525 


* Mean values for multiple tests. 


4.1. Steel 


The first two diagrams in Figure 6 compare the prediction of the M-x with the 
experimental results. Figure 6 (a) shows a comparison between M-k curves for two 
beams with different short fiber contents conducted by Gribniak et al. [12] and the 
simulated M-x response. Two UHPC beams with different reinforcement ratio and a 
concrete compressive strength fo, ~ 191 MPa were conducted by Yang et al. [13]. 
The experimental M-x curves are illustrated in Figure 6 (b) with the corresponding 
curves obtained using the model. 


A validation for the load-deflection response for steel reinforcement was provided 
using experimental results delivered by El Ghadioui et al. [14] for a simply supported 
beam tested with 4-point bending setup. The load-deflection curves obtained by the 
model and by the experiment is compared in Figure 6 (c). 


The comparison in all three cases shows the ability of the model to correctly reproduce 
the behavior of the beams including the post-cracking and steel yielding phases of the 
response. 
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M-k curves load-deflection curve 
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Figure 6: Comparison between simulated and experimental results for steel- 
reinforced beams; a),b) M-k curves [12], [13]; c) load-deflection curve [14] 


4.2. Carbon 


The load-deflection curves predicted for carbon-reinforced beams by the model are 
compared with the experimental results in Figure 7. 


The experimental results of [14] for two identical beams reinforced with CFRP bars 
with different static effective heights d are shown in Figure 7 (a). The behavior 
predicted by the model shows a very good agreement for the initial phase before and 
after cracking (up to about 10 KN), but after that a slight overestimation of the beam 
stiffness is observed. This can be attributed to the loss of stiffness due to the multiple 
cracks, which is evident from the experimental curves and which was not predicted 
by the current implementation of the model. 


The comparison of the test results including two test series by von der Heid et al. [15] 
with the simulation in terms of the load-deflection curves for the tested plates are 
shown in Figure 7 (b). The underlying M-x relation is exemplified in Figure 7 (b*) 
both for the model and the experiment. 
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a) El Ghadioui et al. 2020 b) von der Heid et al. 2020 
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Figure 7: Comparison between simulated and experimental results for carbon- 
reinforced elements; a) load-deflection curves by El Ghadioui et al. [14]; b) load- 
deflection and M-k curves by von der Heid et al. [15] 


5. BASIS FOR SERVICEABILITY DESIGN RULE 


The implemented model can serve as a basis of a simple engineering design rule for 
carbon-reinforced concrete elements in the serviceability limit state (SLS). To comply 
with the simplified SLS design concept used in the Eurocode 2 [11] and the fib Model 
Code [16] the relation between the span/depth (L/d) and reinforcement p ratios has 
been evaluated in a parametric study covering the relevant range both for steel and for 
carbon-reinforced specimens. The results of the study are summarized in Figure 8 
showing a qualitatively different shape of the admissible design region. In agreement 
with the results presented recently by El Ghadioui [17], the carbon reinforced 
elements exhibit a pronounced transition point between the tensile failure of the 
reinforcement (left branch) and the compressive failure of concrete (right branch). 
Two different values of E-moduli and of the carbon tensile strength have been 
considered in the presented study. 


35 
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Figure 8: Comparison between (L/d — p) curves for steel and carbon reinforcement 
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6. SUMMARY AND CONCLUSION 


The described model for the calculation of the moment-curvature relation and the 
load-deflection response of RC elements exposed to bending load provides a basis for 
the derivation of general SLS rules as exemplified for beams reinforced with carbon 
fabrics. The object-oriented model implementation is based on Python programming 
language and is available on the version control platform GitHub at 
https://github.com/bmcs-group as part of the brittle-matrix composite structures suite 
maintained by the authors. This model offers flexibility in several ways. For example, 
it makes it easy to insert and configure arbitrary types of material models for both 
concrete and reinforcement, or to use any cross-section shape and reinforcement 
layout in terms of the number and location of reinforcement layers. The model is based 
on a numerical piecewise evaluation of the stress and forces along the cross-section 
and a non-linear solution of the equilibrium of the cross-section that makes use of the 
SciPy scientific library for Python. The model was validated with experimental data 
which demonstrated its ability to correctly predict the experimental results for both 
steel and carbon reinforcement. 


In this paper, a multi-linear material law for concrete was used for the validations. In 
the following refinement steps, more sophisticated constitutive laws will be 
integrated, exploiting the modular design of the framework. Moreover, an extension 
of the model to take the effect of the bond behaviour and tension-stiffening in the 
cracked region along the beam into account is planned. Finally, a comprehensive web 
application with a wide range of design options will be provided for public access. 
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SUMMARY: Acoustic emission (AE) is commonly applied for structural evaluation of materials. 
It uses piezoelectric sensors to detect elastic waves coming from failure processes within the 
material. Concerning textile reinforced cementitious (TRC) plates, AE parameters have 
proven their potential to characterize not only the location and the fracture mode of defects 
but also the developing strain field before visible damage evolves. Matrix cracking events 
create short elastic signals with high frequencies whereas debonding between layers or fiber 
pull-out results in longer signals of lower frequency. However, the wave propagation path, 
plate wave dispersion and heterogeneity result in attenuation and distortion of the signal. 
These factors change the received AE parameters and therefore, complicate the evaluation 
especially for large sample dimensions. In this study, curved textile reinforced cement plates 
with different widths are loaded in bending with concurrent AE monitoring. The aim is to 
evaluate if damage characterization based on small laboratory specimens can be upgraded to 
larger scales and different geometries. 


KEY WORDS: Acoustic emission, textile reinforced cement, frequency, duration, cracking, 
delamination. 
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Acoustic emission (AE) has been used for structural health monitoring of 
cementitious components and structures since decades. The main advantages of AE 
concern the non-destructive passive application, the detection of active cracking, the 
potential of three-dimensional localization of damage sources as well as 


characterization of the dominant fracture mode [1]. 
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(a) Characterization between tensile and shear fracture by AE 
parameters, (b) basic fracture events with (c) corresponding representative signals 
AE (right). 


Fig. 1 shows an indicative graph of characterization of AE signals based on their 
frequency content and rise time. This separation is possible because the different 
fracture modes include distinct crack tip motions, resulting in excitation of different 
wave modes. In bulk media these are longitudinal, which are faster, and shear, which 
are slower. In the case of plates these transform to symmetric and antisymmetric 
modes resulting in different acoustic signatures (Fig. 1c). Even though this separation 
works in a reliable way in small beam specimens, it has not been tested in larger 
realistic scale. The influence of dimensions was examined recently on straight plates 
highlighting the role of lateral dimension on the AE readings [2]. 


In the current work, curved beams of 4 mm thickness with different widths, namely 
25, 50, and 300 mm and height 15 mm are mechanically tested in three-point 
bending with concurrent monitoring of their AE activity (see Fig. 2a) with sensors 
resonant at 150 kHz. Due to loading and material type the fracture mechanisms are 
identical in all different specimens, especially at the start of the loading, when 
matrix cracking occurs. In addition, the placement of the sensors is the same in all 
specimens. However, the AE parameters differ systematically based on the width of 
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the plates, as seen in Fig. 2b and c. The AE frequency collected by narrow beams is 
consistently higher reaching approximately 250 kHz, while the plate showed the 
lowest value being below 200 kHz. Inversely, the large plate exhibited the longest 
rise time while the narrow beam the lowest. This evidently shows the effect of 
geometry on the received AE signals. In narrow beams the propagation is essentially 
one dimensional, as the wave does not spread contributing to high frequency and 
higher amplitude. On the other hand, in plates, the wave spreads in two dimensions, 
is attenuated and is reflected only after propagating further when it impinges on the 
specimen sides. This contributes to longer signals (hence longer rise time) and lower 


frequencies. 
| Beam of 25 mm 100). 
r 80 | Beam of 500 mm (Plate) 
| Beam of 50 m £ 60 
IE Aen} 40 | 50mm 
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(a) Experimental setup of three-point bending with AE sensors (stabilized 
by tape) on the TRC plate, (b) average frequency and (c) rise time of the first 100 
AE signals, attributed to matrix cracking. 


0 50 100 
AE activity 


The results demonstrate that caution should be exercised when results from 
laboratory scale beams are projected to large dimensions. Alternatively, the 
experiments should be conducted directly in realistic size plates. A frequency 
downshift of 20 kHz or a rise time increase of 20 us, would normally be interpreted 
as shift from tensile matrix cracking to shear. However, these changes may be 
induced only by differences in geometry and thus, AE characteristics associated with 
matrix crack in beams could be easily mistaken for shear in plates even though the 
actual mechanism is the same. Future work should involve a methodology to correct 
for the differences or at least establish a distance within which the characterization is 
reliable. 


[1] GROSSE C.U., OHTSU M. (2008) “Acoustic emission testing”, GROSSE C.U., OHTSU 
M. ed. Springer, Berlin, Heidelberg Berlin Heidelberg. doi:10.1007/978-3-540-69972-9. 

[2] OSPITIA N., AGGELIS D.G., TSANGOURI E. (2020) Dimension effects on the acoustic 
behavior of TRC plates. Materials 13:955. doi: 10.3390/ma13040955. 


169 


LONG-TERM PERFORMANCE OF 
NATURAL FABRICS IN INORGANIC 
MATRIX THIN COMPOSITE SYSTEMS 


Cesare Signorini', Valentina Volpini?, Andrea Nobili! 


1 Research Centre CRICT, Department of Engineering “Enzo Ferrari”, University 
of Modena and Reggio Emilia, via P. Vivarelli 10 — 41125 Modena (Italy) 


? Research Centre En&Tech, Department of Sciences and Methods for 
Engineering, University of Modena and Reggio Emilia, via G. Amendola 2 — 42122 
Reggio Emilia (Italy) 


SUMMARY: Natural fibres represent the new frontier towards a sustainable conceptualisation of 
building materials, with particular emphasis on thin composite systems adopted as high 
strength reinforcing techniques for valuable masonry structures. In this paper, we analyse the 
efficiency of several strengthening solutions based on a lime-based inorganic matrix acting as 
embedding medium for basalt (B) and flax (F) textiles. Spotlight is set on the tensile behaviour 
of textile-reinforced mortar (TRM) sandwich composites after accelerated ageing cycles. The 
bearing capacity and the ductility of BPTRM and F-TRM are evaluated by uni-axial tensile tests 
on 1-ply laminates, manufactured and tested according to the most recent guidelines. The 
acceptance criteria for design purposes are also addressed, with particular focus on alkaline 
environment exposure, typical of inorganic embedding matrices. 


KEY WORDS: Basalt, Flax, Natural fibres, Textile-reinforced mortar, Mechanical response, 
Long-term performance. 
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1. INTRODUCTION 


Textile-reinforced mortar (TRM) represents a category of versatile thin composite 
materials generally adopted as an effective and competitive externally bonded (EB) 
strengthening strategy for existing buildings [1]. Essentially, TRM are designed to 
exploit the outstanding mechanical performance of high tenacity multifilament fabrics 
or steel grids through an inorganic embedding matrix, the last acting as a linking 
medium able to transfer the external loads applied to the existing structure to the 
bearing textiles. The use of natural constituents is currently undertaking an increasing 
development, in order to pursue a more sustainable conceptualisation of TRM. In 
particular, the use of natural fibres is now object of interest of the research community. 
Several pioneering contributions can be found in the literature [2,3], in which basalt, 
flax, jute, sisal, and other kind of fibres are adopted as the reinforcing phase. The most 
critical issue regarding natural fibres is due to their durability within aggressive 
environments (namely strongly alkaline), which deeply affects the long-term 
performance of the composite system. Surprisingly, only a few studies are devoted to 
durability. The current Italian guidelines for the design of TRM [4] present a very 
simplified way to take into account the long-term performance losses as a 
consequence of ageing. Indeed, the so-called environmental conversion factors to be 
adopted at the design stage are gathered in Tab.3.1 of the CNR DT 215/2018 
document, regardless of the fabric type. However, it is well-known that diverse 
textiles behave in deeply different manners [5,6]. To this aim, a comprehensive study 
has been recently published, considering several fabrics in a wide scenario of steel 
reinforced grout (SRG) and textile reinforced mortar (TRM) strengthening systems, 
among which basalt is considered [7]. In the present contribution, we present the 
assessment of basalt and flax TRM through uni-axial tensile tests. We find that natural 
fibres represent a feasible and sustainable reinforcing strategy in TRM, but some 
design limitations may occur in the presence of strengthening interventions. 


2. EXPERIMENTAL ACTIVITY 
2.1. Materials and methods 


Mechanical tests are conducted on TRM coupons made of a commercially available 
pre-mixed mortar. Basalt fabrics are embedded in a cementitious fine-grained mortar, 
whereas flax textiles are accommodated in a hybrid (lime + cement) mortar. The 
reinforcing phases at hand consist in multifilament balanced biaxial or uniaxial woven 
textiles, made of different kinds of fibres. In particular, we consider a basalt 
multifilament textile and a flax biaxial woven fabric. 


171 


LONG-TERM PERFORMANCE OF NATURAL FABRICS IN LIME-BASED THIN COA 3 
SYSTEMS 


Figure 1. Basalt (a) and flax (b) biaxial fabrics 


1-ply coupons are manufactured on an individual basis and then subjected to uni-axial 
tensile tests according to the prescription given in the most recent guidelines [8]. The 
main operational steps are displayed in Fig.2. 


(a) (b) 


Figure 2. Flax TRM specimens manufacturing (a-b) and testing (c). 


The gripping system consists in a rigid clamping on the coupons edges, duly equipped 
with a G-FRP tab. Uni-axial tensile tests are performed at a controlled displacement 
rate of 0.5 mm/min [9]. Durability against accelerated ageing within an alkaline 
aggressive environment is also investigated, by immersing tensile coupons in an 
alkaline solution (NaOH, pH 10) for 1000 hours, before testing. For the sake of 
comparison, unexposed specimens are considered as the reference condition, and are 
left in air for 1000 hrs, after curing. 


3. RESULTS 


Figure 3 shows the mean strength curves obtained for basalt (a) and flax (b) TRM, 
alongside the respective peak values with the relevant standard deviation bands for 
comparative purposes. 


172 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT ANDTHIN FIBER 4 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


FA é 80 
; ic 
a B yy 
2» 
° 0 30 100 150 200 250 300 
0 30 60 90 120 Uhimate strength [MPa] 
Strain ( 107 men/mm) Strain (-10° men/mmn) «Control "Aged 
(a) basalt (b) flax (c) comparison 


Figure 3. Mean strength curves for basalt (a) and flax (b) TRM, alongside their 
mean strength values comparison (c) 


Experimental tests evidence that the mechanical performance of natural fibres in TRM 
is susceptible to aggressive environments, as far as alkaline exposure is concerned. 
Alkaline ageing is proven to impair the mechanical performance of basalt TRM 
composites, inducing a reduction of 18% and 28% in the ultimate strength and strain, 
respectively [7]. An even more significant detrimental effect is observed for flax 
TRM, which experienced a 26% loss in the bearing capacity for aged samples. Data 
scattering evaluated out of 5 specimens for each group is well aligned with other 
similar experimental activities, standing in all the cases at hand under 15-20% for the 
ultimate strength values [5]. The reliability of the experimental campaign is therefore 
validated. As far as the failure modes are considered, the poor interphase adhesion 
induces the formation of a coarse crack pattern (see Fig.4), which promotes the 
diffusion of aggressive compounds within the composite system. Failure is hence 
attained at low stress values (with respect to the theoretical bearing capacity of the dry 
fabrics) by fabric pull-out. This failure mode is observed regardless of the exposure 
to aggressive environments, since it is triggered by the poor interphase bond 
established between the matrix and the fabric, which is usual and well-documented 
for TRM and other inorganic composite materials [10-13]. 


Figure 4. Crack pattern highlighted by Digital Image Correlation (DIC) technique 
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In this sense, the use of an appropriate surface coating, which enhances the affinity at 
the matrix-to-fabric interphase, may have the twofold advantage of protecting the 
fibres and improving the crack diffusion throughout the coupon during loading. 


4. CONCLUSIONS 


In this study, the long-term mechanical behaviour of flax biaxial fabrics embedded in 
a lime-based mortar is assessed through a series of comparative tensile tests on 
prismatic TRM coupons. A reduction higher than 15% is regarded as unacceptable for 
the recent prescriptions, and this threshold is overcome for both basalt and flax. For 
this reason, further investigations regarding the chemical and thermal stability are 
required to classify natural fibres as reliable reinforcing strategy for historic buildings, 
especially for those located in coastal areas or in conditions of high environmental 
pollution. In addition, adequate preparatory treatments (such as coatings with 
polymeric films) are advocated to protect the fibres against the attack of aggressive 
environmental agents. 


5. REFERENCES 


[1] L.N. Koutas, Z. Tetta, D-.A. Bournas, T.C. Triantafillou, Strengthening of Concrete 
Structures with Textile Reinforced Mortars: State-of-the-Art Review, J. Compos. 
Constr. 23 (2019) 3118001. https://doi.org/10.1061/(ASCE)CC. 1943-5614.0000882. 


[2] N. Trochoutsou, M. Di Benedetti, K. Pilakoutas, M. Guadagnini, Mechanical 
Characterisation of Flax and Jute Textile-Reinforced Mortars, Constr. Build. Mater. 
271 (2020) 121564. https://doi.org/10.1016/j.conbuildmat.2020.121564. 


[3] D.A.S. Rambo, F. de Andrade Silva, R.D. Toledo Filho, O. da F.M. Gomes, Effect of 
elevated temperatures on the mechanical behavior of basalt textile reinforced 
refractory concrete, Mater Des. 65 (2015) 24-33. 


[4] CNR DT215, Guide for the Design and Construction of Externally Bonded Fibre 
Reinforced Inorganic Matrix Systems for Strengthening Existing Structures, 2018. 


[5] F. Micelli, M.A. Aiello, Residual tensile strength of dry and impregnated 
reinforcement fibres after exposure to alkaline environments, Compos. Part B Eng. 
159 (2017) 490-501. https://doi.org/10.1016/j.compositesb.2017.03.005. 


[6] J. Donnini, Durability of glass FRCM systems: Effects of different environments on 
mechanical properties, Compos. Part B Eng. (2019) 107047. 


[7] C. Signorini, A. Nobili, Comparing durability of steel reinforced grout (SRG) and 
textile reinforced mortar (TRM) for structural retrofitting, Mater. Struct. 54 (2021) 1- 
15. https://doi.org/10.1617/s11527-021-01729-3. 


[8] ICC AC434, Acceptance criteria for masonry and concrete strengthening using fiber- 
reinforced cementitious matrix (FRCM) composite systems, 2013. 


174 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT ANDTHIN FIBER 6 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


[9] 


[10] 


[11] 


[12] 


[13] 


A. Nobili, C. Signorini, On the effect of curing time and environmental exposure on 
impregnated Carbon Fabric Reinforced Cementitious Matrix (CFRCM) composite 
with design considerations, Compos. Part B Eng. 112 (2017) 300-313. 
https://doi.org/10.1016/j.compositesb.2016.12.022. 


Z. Cohen, A. Peled, Effect of nanofillers and production methods to control the 
interfacial characteristics of glass bundles in textile fabric cement-based composites, 
Compos. Part A Appl. Sci. Manuf. 43 (2012) 962-972. 
https://doi.org/10.1016/j.compositesa.2012.01.022. 


M. Messori, A. Nobili, C. Signorini, A. Sola, Mechanical performance of epoxy coated 
AR-Glass fabric Textile Reinforced Mortar: Influence of coating thickness and 
formulation, Compos. Part B Eng. 149 (2018) 135-143. 


C. Signorini, A. Nobili, Targeting functionalised carbon nanotubes at the interphase 
of Textile Reinforced Mortar (TRM) composites, Compos. Part A Appl. Sci. Manuf. 
144 (2021) 106330. https://doi.org/10.1016/j.compositesa.2021.106330. 


C. Signorini, V. Volpini, Mechanical performance of fiber reinforced cement 
composites including fully-recycled plastic fibers, Fibers. 9 (2021) 1-15. 
https://doi.org/10.3390/fib9030016. 


175 


2 ~ 
~ 
e *. ‘ 
d * 
s ARLE? 
a | 
‘. 


if py nae 
iP Redeion ¥ 
Rehabilitation, 
Strengthening, 
t ep imizaliony 


> fj “he. 


FRCM-RETROFITTING OF STEEL 
FIBER-REINFORCED CONCRETE 
SHALLOW BEAMS 


Marco, C. Rampini’, Giulio Zani’, Matteo Colombo’, Marco di 
Prisco 


' DICA Department, Politecnico di Milano, Piazza Leonardo da Vinci 32, 
Milano, marcocarlo.rampini@polimi.it 


234 DICA Department, Politecnico di Milano, Piazza Leonardo da Vinci 32, 
Milano. 


SUMMARY 


In the last decades, there has been an increase of the use of the Steel Fiber-Reinforced 
Concrete (SFRC) material to realize floor slabs and shallow beams. The cast procedure plays 
a significant role in the effectiveness of the execution and due to the limited experience of the 
workmanship, it is important to clarify how to intervene in case of bearing capacity 
limitations due to a bad design or a bad execution. Fabric-Reinforced Cementitious Matrix 
(FRCM) composites represent an efficient solution to restore and to upgrade the load 
carrying capacity of these structural elements, thanks to their strain-hardening behavior and 
to the good compatibility with concrete substrates. In this paper, the effect of the FRCM 
retrofitting on a series of SFRC shallow beams previously damaged at the ultimate limit state 
was investigated. The experimental campaign also involved the characterization of the 
composite materials and of the bond properties at the mortar-to-substrate interface. The 
results and the comparison with a simplified theoretical prediction are presented and 
discussed. 


KEY WORDS 


Fabric-Reinforced Cementitious Matrix composites (FRCM) 
Steel Fiber-Reinforced Concrete (SFRC) 
Flexural retrofitting 


Shallow beams 
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1. INTRODUCTION 


In Italy, the recently promulgated Italian Standard allows the designer to use the 
Fabric-Reinforced Cementitious Matrix (FRCM) composites in the retrofitting and 
strengthening applications, providing a qualification procedure of the system formed 
by mortar and fabric. 


FRCM composites seem to be a promising solution also for the retrofitting of 
damaged reinforced concrete structures, as they exploit a better compatibility with 
irregular surfaces and concrete substrates with respect to other reinforcing 
techniques (i.e. Fabric-Reinforced Polymers, FRP) [1]. Moreover, the FRCM 
solution, thanks to the possibility to be applied on quite extensive surfaces, seems to 
be suitable for application on shallow beam and 2D slabs. 


In this paper, to assess the potential of this reinforcing solution, full-scale tests were 
performed on shallow beams previously damage under severe condition and then 
retrofitted with the application of a FRCM composite layer at the intrados. Two type 
of beams were investigated: the BF beams, realized in Steel Fiber-Reinforced 
Concrete (SFRC), and the BR ones, with a hybrid reinforcement consisting of both 
steel fibers and longitudinal bars (2012mm). The FRCM system was composed by a 
cementitious thixotropic mortar and an Alkali-Resistant glass fabric. 


It the end, a preliminary simplified approach to estimate the ultimate capacity of the 
FRCM-retrofitted beams is presented, underlining advantages and critical issues. 


2. MATERIALS CHARACTERIZATION 
2.1 Steel Fiber-Reinforced Concrete (SFRC) 


The cast material of all the shallow beams is a self-compacting SFRC, realized with 
an amount of 35 kg/m? of double hooked-end steel fibers (length 60 mm, diameter 
0.9 mm, aspect ratio of 65) and characterized by mean cylindrical compressive 
strength of 58.0 MPa, and 3c class evaluated on 12 beams according to EN 14651, 
tested at 34 days. The identified multilinear constitutive laws in tension (average 
“*’m’’ and characteristic ‘’k’’) are defined according to the MC2010 provisions [2] in 
the range 167-220 days from the casting (in parallel to the full-scale pre-damage 
tests). The pre-peak stress-strain and the post-peak stress-crack opening curves are 
reported in Figure la, and the complete stress-strain law, computed choosing the 
depth of the beams section as characteristic length, is depicted in Figure 1b. The mix 
design and the characterization are shown in [3]. 


2.2 Longitudinal steel bars 


Four identical B450C grade ®12mm steel bars were tested under direct tension. The 
average yield and ultimate strength are respectively 527 MPa and 647 MPa and the 
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recorded mean ultimate strain is equal to 16%. The nominal stress-strain curves of 
each test are reported in Figure 2. 
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Figure 1. SFRC constitutive law: experimental identification at different ages (a) 
and stress-strain curves computed considering 1.,=150 mm (b). 
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Figure 2. Experimentally obtained tensile constitutive law of the longitudinal steel 
bars (a) and detail of the elastic branch (b). 


2.3 Fabric-Reinforced Cementitious Matrix (FRCM) composite 


The chosen FRCM system is made by a shrinkage-compensated thixotropic 
cementitious mortar characterized by an average cubic compressive strength of 58.9 
MPa and a flexural tensile strength of 7.0 MPa and an AR-glass double leno weave 
fabric, the characteristics of which are reported in Table 1. 


The maximum average load of the AR-glass fabric was evaluated on five uniaxial 
tests for each direction, according with the ISO 4606 procedure [4]. The efficiency 
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parameter, EF;, evaluated as proposed by Rampini et al. in [5] provides an 


information on the rate of utilization of the material. 


Table 1. Alkali-Resistant glass fabric characteristics. (*average on 4 specimens) 


Characteristic Warp Weft 
Wire spacing mm 38 38 
Roving fineness Tex 2 x 2400 4 x 2400 
Filament diameter pm 27 27 
Equivalent thickness mm 0.093 0.093 
Maximum load kN 12.50* 11.70 
Fabric Efficiency (EF,) - 0.87 0.82 


The FRCM composite was characterized in tension, testing three nominally identical 
specimens for each direction (70 x 400 x 9 mm‘ in size), imposing a constant stroke 
rate of 0.02 mm/s. In Figure 3, the experimental composite stress-normalized 
displacement curves are reported. Please note that, when one of the specimen curves 
is lost, the average is still evaluated among the remaining specimens. 


The composite efficiency parameters, EF recy, were computed dividing the average 
maximum load reached by the composites, 9.13 kN and 7.00 KN respectively for the 
warp and the weft direction, by the ones of the plain fabrics and they result 0.73 and 
0.60. A higher value of efficiency can be generally reached testing composite with a 
larger anchorage length and with more than two wires within the section, allowing 
the stress redistribution and reducing the effect of possible misalignments. 
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Figure 3. Average tensile response of the FRCM composite system in the warp (a) 
and the weft direction (b) in terms of composite stress vs. normalized displacement. 
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3. INTERFACE PROPERTIES CHARACTERIZATION BY MEANS OF 
SINGLE LAP SHEAR TESTS 


With the aim to characterize the bond-slip behavior at the composite-to-mortar 
interface, three Single-Lap (SL) shear tests were performed. The test specimens (70 
x 200 x 9 mm’) and the setup apparatus are depicted in Figure 4a. The composite 
strips, with the fabric in the warp direction, were cast on blocks produced with the 
same SFRC material of the beams, after the hydro-scarification of the substrate with 
a water pressure of 1800 atm. Tests were conducted under displacement control at a 
stroke rate of 0.01 mm/s and two Linear Variable Displacement Transducers 
(LVDT) were placed to measure the slippage, dy), between the mortar and the 
concrete substrate. 
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Figure 4. Setup of the Single-Lap shear tests (a) and results of the three experiments 
in terms of load vs stroke and load vs slip curves (b). 
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In Figure 4b, both the load-stroke and the load-slip curves are reported. It is possible 
to note that the fabric rupture occurred at the end of each test and the slippage 
between the mortar and the substrate are negligible. Thanks to the adequate 
machining option, which provides a sufficient substrate roughness improving the 
mechanical adhesion at the interface level, the average maximum load reached in the 
shear tests, 10.04 kN, results higher than the FRCM tensile capacity, 9.13 kN in the 
investigated warp direction. 


In the design of the retrofitting intervention the full tensile capacity of the FRCM 
composite can be used, in according with the qualification procedure proposed by 
the Italian Guidelines [6]. A more detailed study on the effect of the substrate 
roughness on the FRCM performance efficiency is reported in [7]. 
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4. FULL-SCALE TEST ON RETROFITTED SHALLOW BEAMS 
4.1 Test setup and application of the reinforcing FRCM layers 


All the shallow beams (350 x 1450 x 150 mm’) were preliminary damaged in four- 
point bending over a shear span of 1350 mm and a loading knife distance of 450 
mm. The tests were displacement controlled at a stroke rate of 3 m/s and six (3+3) 
LVDTs were placed at the intrados and at the extrados to measure the crack opening 
and the compression shortening, respectively. Two Potentiometer Displacement 
Transducer (PDT) were used to measure the mid-span deflection. The same setup 
(Figure 5) and procedure were used in the tests on the retrofitted beams. 


The reinforcing layer at the intrados was 200 mm thick, 350 mm wide and 1200 mm 
long (Figure 5). The fabric was oriented with the warp parallel to the longitudinal 
direction (9 warp yarns). The preparation of the substrate was the same of the SL 
tests and the FRCM composite was applied following the typical hand lay-up 
technique. 
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Figure 5. Four-point bending test setup and representation of the FRCM 
application at the beam intrados. 
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4.2 Retrofitted SFRC beams test responses 


In Figure 6, the comparison between the pre-damaged and the retrofitted BF beams 
responses is reported. The maximum capacity of the retrofitted beams corresponds 
to 39.69 kN, with an increase of around 28% with respect to the previous maximum, 
31.05 kN, and equal to three times the residual load, 11.53 kN. At the end of all the 
tests the fabric rupture occurred and no mortar detachment was visible, as confirmed 
by the direct ultrasonic wave velocity measurement reported in Figure 7 (time of 
flight from intrados to extrados) with the crack patterns. 
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Figure 6. Load vs. mid-deflection curves of the BF1 (a) and BF2 (b) beams. 
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Figure 7. Crack patterns at the end of the pre-damage and post-reinforced tests 
and ultrasonic wave velocity contour plot of the BF2 beam. 
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Figure 8. Moment vs. COD curves of the BF1 (a) and BF2 (b) beams. 
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Moreover, the FRCM addition provided a recovery of the initial stiffness (see shifted 
curves) and it offered a control of the crack openings, as visible in Figure 8. The 
COD values recorded at the retrofitted beams intrados at a load corresponding to the 
maximum capacity of the integer SFRC beams were lower than the ones at the end 
of the pre-damage tests (around 1.5 mm compared to more than 3 mm in both the 
beams). 


4.3 Retrofitted hybrid beams test responses 


The average ultimate load reached by the retrofitted BR beams was equal to 108.97 
KN, corresponding to an increase of 14% and 35% with respect to the average 
maximum and residual loads recorded in the pre-damage tests (95.19 kN and 80.99 
KN respectively). It is possible to appreciate the recovery of the initial stiffness in the 
first part of the BR1 response curve (shifted curve in Figure 9a). In BR2 case, the 
beginning of the response was influenced by a compression damage under one of the 
loading knives, which causes the initial and well visible non-linearity (Figure 9b). 
Please note that pre-damage tests were arbitrarily stopped. 
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Figure 9. Load vs. mid-deflection curves of the BRI (a) and BR2 (b) beams. 
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Figure 10. Crack patterns at the end of the pre-damage and post-reinforced tests 
and ultrasonic wave velocity contour plot of the BR2 beam. 
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At the reaching of the peak, the failure was caused by both the fabric and the steel 
bar rupture. In correspondence of the failure position a reduction of the ultrasonic 
wave velocity was recorded (Figure 10), representing a concentration of the local 
damage. Moreover, focusing on the crack pattern, it is possible to notice that the 
crack pattern on the FRCM layer was strongly influenced by the previous crack 
distribution. 


5. SIMPLIFIED ESTIMATION OF RETROFITTED BEAMS CAPACITIES 


To obtain a prediction of the ultimate capacity of the investigated retrofitted shallow 
beams and to provide a simple tool to design the reinforcing intervention, the 
simplified procedure described in the following is performed. The computation aims 
to evaluate the amount of the sustained bending moment, 4M, related to the addition 
of the FRCM layer at the intrados. The basic assumptions are: i) the FRCM 
composite fully exploits its maximum capacity; ii) the internal lever arm is 
considered equal to 0.9 times the distance of the fabric from the compressed 
extrados; and iii) the additional moment is added to the residual one, Myesiduai, to 
obtain the retrofitting ultimate capacity. 
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Figure 2. Simplified analytical estimation of the maximum capacity after the 
application of the FRCM reinforcing layer for the BF (a) and the BR (b) beams. 


In Figure 11, the results of this simplified procedure are reported. The estimated 
loads are 36.11 kN and 41.93 kN for the BF1 and BF2 beam, and 105.42 kN and 
109.15 kN for the BR1 and BR2 beams. The committed errors result in the 1%-5% 
range for both the shallow beam types, confirming the good level of approximation 
of this simplified approach. 
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6. CONCLUSIONS 


Based on the experimental and analytical results already presented, it is possible to 
draw some conclusions: 1) an adequate substrate machining guarantees the fully 
exploitation of the FRCM capacity in the retrofitting intervention; 2) the FRCM 
reinforcing technique seems to provide a recovery of both the ultimate capacity and 
the initial stiffness of the integer beams up to the cracking of the FRCM layer; 3) 
the composite layer acts stabilizing the residual behavior of the damaged beams and 
controlling the crack evolution; and 4) the simplified approach presented could be an 
effective preliminary tool in the design of the retrofitting intervention on shallow 
beams. 
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SUMMARY: 

The aim of the current study is the substitution of FRP fiber reinforcement polymer by TRC 
textile reinforced cement for strengthening existing steel concrete structure. The choice is 
justified by the fact to minimize the carbon footprint of the process and improve the thermo- 
mechanical behaviour (fire stability) of the composite. 

First, mechanical data based on experimental tests, especially for geopolymer unidirectional 
carbon-basalt composite, is presented. Second, different calculation steps, necessary for 
checking resistance and durability at ultimate limit state and serviceability state, for steel 
concrete beam reinforcement is explained. 


KEY WORDS: Rehabilitation, repairing, composite, geopolymer, structure design. 


1. INTRODUCTION 


Rehabilitation, maintenance of existing infrastructures is a real and important 
stake for civil engineers. Particularly in the case of steel concrete structures, it is 
necessary to reinforce, to repair structural elements such as beam or column which 
present specific pathologies induced by corrosion and aging or by modification of 
loading conditions (serviceability and accidental). During these last thirty years, many 
building and infrastructures (bridges, tunnels...) have been strengthened using FRP 
(fiber reinforced polymer). Nowadays, recommendations such as ACI 44 [1], JCI [2], 
EUROCODE [3] and f.i.b. model code [4] clearly explain the conditions of 
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application and the design methods for these composite reinforcements. The analysis 
of the technical limits for these construction process [5] corresponds to different 
critical points: 


— Considering sustainable development criteria, the use of polymer produced 
form petroleum industry increases the carbon foot-print level. On another hand, 
considering hygiene and safety of workers or end users, the European 
recommendations REACH [6] is not favorable to the use of epoxy resin in 
construction. 

—On a technical and performancial point of view, the thermo-mechanical 
behavior of FRP is not satisfying. The maximum temperature for construction is 
limited to 60°C — 80°C [7]. It can also be highlighted the low efficiency ratio for 
the use of high-performance composite limited by shear resistance of interface 
substrate (concrete). Finally, even if the ultimate resistance of FRP is 
significantly important for ULS checking, the serviceability conditions which 
consider “crack opening verification” is not clearly justified with FRP 
reinforcement. 

Consequently, considering recent research works developed by HEGGER [8], 
NAAMAN [9], MOBASCHER and al [10], the FRP is replaced by TRC (textile 
reinforced cement and concrete) for strengthening steel concrete beams [11]. 
Specifically, the current study will consider geopolymer binder combined with 
unidirectional carbon basalt fibers for reinforcements at high temperature (fire 
conditions). 


2. TEXTILE REINFORCED CEMENT CHARACTERIZATION 
2.1. TRC formulations studied 


2.1.1 Mineral matrix 


The geopolymer formulation is defined by Table 1. Experimental tests are 
performed following the standard methods proposed for mortars, which allow to 
evaluate (Table 2) the main mechanical characteristics of the mineral matrix. 


Table 1. GPHS formulations and Table 2. Mechanical performances of 
physical properties GPHS 
F 69 % SiO, GPHS 7 days 28 days 
Metakaolin 21% Al, 03 Compressive 55-60 70-80 
Alkali 459 : au 7 strength MPa MPa 
ine % (Si0,/K,0) "mixture : 
aenon 55 % H50 Tensile 1.2-1.5 5-6 
: 2 strength MPa MPa 
Density 1.87 Ultimate 0.06- 0.1-0.15 
Grain size 75 um strain in 0.08 ; % 
dso H tension % id 
Young 9500 12000 
modulus MPa MPa 
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2.1.2 Textile reinforcement 


A hybrid unidirectional textile is considered combining approximately the same 
quantity of carbon fibers and basalt fibers, as defined in Table 3 and 4. 


Table 3. Carbon and basalt fibers 


Table 4. Unidirectional textile 
characteristics 


reinforcement (UDCB200) 


Carbon BCF Reference UDCB200 
Textile fibers TORAY | Basaltex Weight of strip (g/m?) 200 
T700S_ | 19 - 1200 Width of strip (mm) 100 
Density (g/cm3) 1.8 2.67 Thickness of yarn (mm) 0.5 
Sizing type Epoxy Silane Number of Carbone 10 
Filament yarn per 
diameter 7 19 100 mm Basalt 
(um) aTHheoreneal Carbone | 4.616 107 
Yam count of | 15999 1500 yarn area(m?) | Basalt | 4.251 107 
roving (Tex) a 
Tensile strength pacing between yarn 2 
(MPa) 4900 2900 — (cam) — 
Young’s redicted equivalent 150 000 
modulus (GPa) 230 87-90 young modulus (MPa) 
Tensile strain a ; Predicted average tensile 2700 
(%) . stress (MPa) 
Temperature 
stability (°C) 300 550-1200 


The mix of two fibre types is justified by an optimization between tensile 


resistance, tensile stiffness, adhesion with mineral matrix and economic conditions, 
specific to construction 


2.2. Working method for TRC 


Composites TRC plates (Table 5) are molded with two different and 
complementary methods: The first working process considers usual hand lay-up 
approach (Figure 1). In the second case, after impregnation, the composite is 


submitted to additional external pressure (vacuum bag) (Figure 2) which minimize 
porosity and favor matrix penetration inside the yarns. 


Table 5. Main characteristics of TRC 


Stacki Denke Volume 
Working process eee Thickness K om) percentage 
d 8 of textile 
; 1 mat/1 
Hand lay-up technic UD/Imat 3.5 -3.9 mm 1.38 2.1-2.5 % 
1 mat/1 
Vacuum pressure UD/Imat 1.8 - 2 mm 1.5 4.5 - 4.7 % 


To try to increase the shear resistance of the mineral matrix, a low percentage of 
chopped alkali-resistant glass fiber is introduced with a ratio of (1.5 % in volume) as 
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proposed by Shgeyuki Akhihama and al [12]. To increase the interface adhesion 
between textile yarns and geopolymer, a specific sizing product (ZP1) is developed in 
the current experimental work. It combines aqueous organic binder and micro silica 
powder [13]. 


Carbone yarn Basalt yarn 
=0.46mm? S=0.42mm? 


Wan asenensnecensnats 


i Smm 


\ Binding 


2mm yarn 


Ki \ J 
Figure 1. Textile hybrid and hand lay- Figure 2. Vacuum bagging process 


up process for TRC and composite plate for test 
2.3. Behavior law and experimental data for design 


2.3.1 Tensile behavior law 


As for FRP, it is necessary to identify the behavior law in tension of the TRC. The 
considered experimental method is clearly defined by the technical committee TC 232 
[14]. 


25000 Table 6. Mechanical data for design 


~ GPHS/UDCB/Mat-HL 


20000 | —GPHS/UDCB/Mat-VP Vacuum | hand 
pressure lay up 
15000 process | process 
Zz Ultimate stress 
10000 i a.(MPa) ~110 ~51 
5000 fruk average 
ultimate stress ~2400 ~ 2400 
0 in textile (MPa) 
) 0,5 1 1,5 2 : : 
© (%) Ultimate strain % ~15 ~15 
120 Efrrcu — Ef wk 
i66 ous aaron . Errc Young 
GPHS/UDCB/Mat-VP modulus ~ 25000 | ~ 3300 
aa (MPa) 
a 1 
= 60 ; Ee Young 
fe ve modulus 7 a 
° 40 equivalent se me 
20 textile (GPa) 


0 0,5 


1 1,5 2 
€ (%) 


Figure 3. Tensile behavior law of TRC 
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The Figure 3 and Table 6 give the main data which are necessary to consider for 
strengthening design. As the failure mode is essentially controlled by anchorage 
conditions and internal delamination or telescopic slipping effect of textile fibers in 
mineral matrix [15], it is considered, in this study, a notion of average stress in tension 
ferrc for the whole TRC cross section and a specific stress value f; where the 
maximum force Frpc is divided by the effective cross section of textile fibers Ay. 


Indeed, ZP1’s surface treatment leads to modify and improve the adhesion 
between geopolymer and textile reinforcement. The ultimate behavior between the 
two manufacturing process is quite the same. The main difference concerns the 
thickness of the composite which modifies the evaluation of tensile stress and young 
modulus. 


2.3.2 Additional tests: image correlation analysis 


Particularly for service ability conditions design, it is necessary to check crack 
initiation and crack opening size in function of tensile stress level of TRC. 
Experimentally, optical measurement method (image correlation technique) is applied 
developed by A. SILARBI and al. [17] which gives the variation of average crack 
opening size as the function of stress level (Figure 4). 
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Figure 4. Crack opening 
size as the function of 
tensile stress 

The last characteristics, which are important for design, concern the critical stress 
of geopolymer adhesion on concrete substrate (Tagh OF Vagn) and the inter-laminar 
shear stress (Tinter OT Vinter)- These data can be obtained by pull off adhesion test as 
defined by standards [18] or by specific tensile-shear test as proposed by AFGC 
recommendation [19] (Figures 5 and 6). 


Figure 5. Crack opening size as the function of 
tensile stress 


The Table 7 summarizes the main results obtained for geopolymer TRC. 
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Table 7. Critical shear resistance for design (28 days) 


Vadhk | Vinterk | frutx for! = 200mm |_frutk for! = 500 mm 
TRC (hand > 3.5MPa ~0,9 > 51 MPa ~ 70 MPa 
lay up) MPa 
TRC (vacuum > 3.8MPa ~15 > 110 MPa ~ 150 MPa 
process) MPa 


Lo 2 ui H B iT U1 b1 


[mm] 560 40 260 140 140 440 200 50 


Figure 5. Experimental set up for Figure 6. Standardized size of specimen 
tensile shear test on TRC [19] (AFGC method) [19] 


2.4. Synthesis of TRC characterization 


The tensile behavior law could be linear or nonlinear. The ultimate behavior is 
essentially controlled by fiber resistance. The load supported by textile is significantly 
affected by fiber-matrix inter-action which depends on workability conditions and 
impregnation factors. Experimental analysis allows also to underline that the load 
supported by fibers depend on experimental conditions (anchorage length in the 
clamp). In the Table 8, it is suggested to take into account the following specific 
ponderation factors: 


Table 8. Partial safety factors for design 


ULS SLS 
F. u FeTRGu, 
feTRoud = ———* fetroud = ——* (3) 
YfTRC YfTRC 
fetu, fetu, 
fetud = ae = (2) fetud = 3 ~ (4) 
with yp = 1 with yp = 2 


3. DESIGN METHOD FOR REINFORCEMENT OF STEEL CONCRETE 
BEAM BY TRC 


3.1. General context and main assumptions 


As for FRP, this study will consider existing design rules and durability criteria 
proposed by EUROCODE 2 recommendations. The additional experimental data 
which concern “material TRC” have been clearly established previously. For 
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“structural behavior” the basic assumption of Navier-Bernouilli principle, the notion 
of perfect adherence between each material and displacement field continuity is 
retained for flexural behavior of beam. As shown by the Figure 7, the equilibrium of 
a steel concrete cross section reinforced by a TRC (Ag) is determined by two basic 
equations. 


Fe Internal equilibrium of forces: 
“| Fr, + Fsa = Foa (5) 


External (Mg) and internal (Mp) 
equilibrium of moments: 
Mr, = min{Mrac} Mras + Mras} < Mega (6) 


Figure 7. Cross section of a beam, reinforced by TRC 


Where A¢ is the real cross section of textile fiber at ultimate limit state and Artrc 
is the global cross section of the TRC composite for serviceability limit state 
consideration. 


3.2. Ultimate limit state approach 
3.2.1 Ag cross section of textile fibers satisfying anchorage conditions 


The condition of anchorage (L) on concrete for a TRC with a width br 


FmaxTRGu <L.bp. ty = Afrrc feroa = Ag. feud (7) 
Frre with Ty = min{Vaanas Tindal (8) 
. f, 
4) and Vadha = min(2,0 MPa; =) (9) 
Figure 8. Anchorage 
zone 


Where fy, is determined by pull off adhesion test and T, is defined for each 
application. The value of ffy,q is determined experimentally (Table 6) for the same 
conditions of anchorage applied on site (L = 200 mm or L = 500 mm). 


Consequently, the cross section of textile fiber is determined by the following 
expression: 


Ag, <L. be . Tu/frua (10) 


3.2.2 Ag cross section of fibers satisfying U.L.S. resistance conditions 
The internal bending moment Mpg is equal to: 


Mea = min{Mraci Mras 1 Mra} Ut) 
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Figure 9. Internal forces distribution Figure 10. Rectangular cross section 
The maximum bending moment for concrete is equal to: 
Mra c = 0,8X . fq -b(d — 0,4x) (12) 
Case study 1: When steel rebars are over their yield point: 
Esuq = ultimate strain of steel; ¢,, =steel rebar strain during TRC application 
€¢u = ultimate strain of fiber in TRC 


TRC deformation will be equal to: 


Era = Errcd = min{1,1 (ea _ a, Eruat (13) 
Bending moment is supported by steel rebars: 
Mras = As-fya-Zs with z, = 0,9 (14) 
Bending moment is supported by textile fibers: 
Mra = Ag-feq-2¢ with z =~ d (15) 
fra = min {Ey. eras “tEGuud} (16) 
Case study 2: When the strain of steel rebars is at the yield point limit: 
Esed = Esyd and €eq S11 (sig - ea) (17) 
Mras = As-fya-Zs with z, ~ 0,9d (18) 
Mra = Ag: fea Ze with zp ~d (19) 
Case study 3: Steel rebars strain< é,yq and €, = min {es + 0,91 Eid; x} 
Mras = As-Es.€s-Zs with z, = 0,91 (20) 
Mraf = Ag- fea. Zp with zp = d (21) 


Consequently, for a beam submitted to an external bending moment Mg gq, the critical 
cross section of textile fibers As for ultimate resistance will be determined by the 
following equation: 


Rocses (Mea — Mras) (22) 
fe fea . Ze 
Finally: 
Ag = min{Ag,, Ay} (23) 
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3.2.3 Serviceability limit state 


Two cases of applications are distinguished as described by Figure 11 and 12. 


stirup 


= 


a aR Ar 
—— 
Figure 11. Case a Figure 12. Case b 


Case a: If the TRC composite is applied on the whole part of concrete in tension (case 
recommended by the authors), it could be considered that the protection of steel rebars 
is insured completely by TRC if the final crack opening size satisfied the conditions 
of EUROCODE 2. As the serviceability young modulus of TRC is smaller than 
concrete one and the tensile strain of TRC is more important than steel rebars, the 
steel rebars stress can reach the following level: 


Esme = 08 fyx/ Es (24) 


The service stress f¢q for TRC for SLS will be determined from experimental curve 
(Figure 4) and finally: 


feTRCk 
ferrcd = ast (25) 


: zi ‘ 0,8 f, 
With Ys = 2 for SLS conditions with e¢prcq < 1,1 —— 
Ss 
Finally, the maximum bending moment at serviceability state which can be carried by 
the strengthened steel concrete beam is equal to: 


0 


8 f, 
Mea sis) S As -— = (d — 0,3x) + Ag. fg Ch — 0,3x) (26) 


Remark: As the TRC cross section is not especially important in comparison with steel 
concrete beam and the TRC young modulus is extremely low, the neutral position axis 
x at SLS is not really modified with or without reinforcement. 


Case b: If we consider TRC composite plate bounded on the bottom face of the beam 
(Figure 12), the crack opening size is not perfectly controlled. For a first approach we 
will consider the steel strain ¢, under initial external bending moment supported by 
TRC application. If epprce is equal to €5, the moment supported by TRC will be 
defined as, 


Mrrc = Arrc-Errc -€s - (h — 0,3x) (27) 
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4. CONCLUSION 


The potentialities of textile reinforced cement are confirmed. Indeed, the mineral 
matrix prevents any composite ignition. Then, the thermal stability of geopolymer (> 
600°C) combined with thermo-mechanical resistance of carbon fibers (> 300°C) and 
basalt fibers (> 500°C) is a real progress for high temperature reinforcements in 
comparison with FRP. The design method for strengthening steel concrete beam is 
governed at ULS by anchorage condition of TRC on concrete surface. The ultimate 
bending moment increasing is essentially controlled by fibers resistance which 
reaches a level of 2000 MPa. In the current study, it was confirmed that, for 
serviceability state, the best results for increasing the external bending moment are 
obtained when the whole part in tension of the beam is covered by TRC. In this case, 
repairing durability is controlled by composite crack opening which is for proposed 
formulations lower than the most unfavorable condition imposed by EUROCODE 2 
recommendations. Further research developments will concern experimental tests on 
steel concrete beams reinforced by TRC and submitted to standard fire conditions. 
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SUMMARY: 

Shell structures suffer from labor intensive fabrication techniques, characterized by extensive 
in situ formwork and falsework. Labelled by a prominent economic impact, combined with an 
environmental impact (e.g. single-use formworks made from EPS), these structures lost their 
initial value in industry. This research proposes a modular design method for the facilitated 
manufacturing of shell structures, using textile reinforced concrete (TRC) composites. The 
investigation is two-fold. The first part is a geometrical study, defining formwork modules with 
which several different shell configurations can be achieved. The form-finding process for the 
design of such configurations, will be briefly discussed. The second part is a structural study, 
in which the structural behavior of the modular shells is evaluated. Finite element simulations 
were performed on a study case, under its most determining load case, in order to evaluate the 
design result. The results demonstrate the structural feasibility of the modular shell design 
strategy. 


KEY WORDS: finite element, form finding, membrane stresses, Textile Reinforced Concrete 
(TRC), thin shell structures. 


198 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT AND THIN FIBER 2 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


1. INTRODUCTION 

The structural efficiency of shell structures has always been of prime importance for 
architects and engineers. The optimal force flow within their structural layout, enables 
them to achieve impressive spans over single uninterrupted spaces. With a dominant 
membrane stress state as result, the building material is most efficiently used [1]. 


Unfortunately, concrete shell structures are frequently associated with two drawbacks. 
First, the existing fabrication techniques like timber molds are labor intensive and 
time consuming. Single-use formwork (e.g. EPS foam blocks) moreover goes hand in 
hand with an important environmental footprint, being not aligned with the current 
approach for circular construction. Secondly, steel reinforcement causes a non- 
structural additional thickness in the construction of concrete shells, due to the 
indispensable minimal cover against corrosion. Due to these practical reasons, 
freeform structures today have a considerable economic and environmental impact, 
which leads to a decrease in their application during the last decades [2]. 


Based on the previous issues, this research proposes a modular design method for the 
facilitated manufacturing of freeform structures in Textile Reinforced Concrete 
(TRC). The manufacturing process has been considered from the design stage on, by 
developing a range of different ‘freeform’ shapes from a limited number of curved 
shell geometries and thus from a limited set of formworks (see section 2.). 
Furthermore, TRC with non-corroding textile reinforcement, enhances its 
implementation in the efficient realization of shells, characterized by a small cross- 
sectional thickness [3]. 


Figure 1. Example of timber formwork combined with extensive falsework (left) 
(https://architecturetoday.co.uk/bosjes-chapel/) and the robotic assembly carving of 
EPS foam blocks (right) (https://www.researchgate.net/profile/Brandon-Clifford), as 
fabrication techniques in concrete shell construction 


To assess the structural behavior of the modular shell designs, one modular 
configuration has been selected in this paper and structurally investigated under its 
most determining load case which combines self-weight, wind and snow, based on 
the Eurocode EN 1991-1-(3 and 4). Using finite element calculations (see section 3), 
the internal force patterns and corresponding in-plane principal stresses were 
predicted, by which the structural behavior of the shell was evaluated (see section 4). 
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Firstly, the analysis focused on the general behavior of the structure and secondly, 
further attention is spent on the structural design. 


2. DESIGN METHOD 

The form-finding and parametric modelling of the formwork modules took place in 
Grasshopper, a visual programming language and environment that operates within 
the Rhinoceros 6 3D computer-aided design (CAD) application. Kangaroo 1,2 plugins 
have been used for the form-finding of a synclastic triangular element, while 
Lunchbox and Weaverbird contain the geometrical tools to create the modular 
segments. Both Kangaroo | and 2 plugins are based on particle-spring systems. These 
systems have been used to find a shape composing axial forces under self-weight load, 
which could be tessellated along a plane [4]. 


The methodology is established on the form-finding of an equilateral triangular shape 
with three identical arched sides. The form-finding of this equilateral triangle started 
with the parametrization of a flat surface in the XY plane. This surface, with a side 
length of 8 m, has been converted to a mesh being discretized into triangular finite 
elements using the “Weaverbird’s split triangles subdivision” function. All vertices 
are defined as particles of the system, characterized by equal masses, being connected 
by massless springs to ensure the cohesion during the process. The last and most 
important parameter here, before performing the form finding, was the definition of 
the boundaries. Three identical arches having the same curvature, the same length, 
and the same height, were defined. During form-finding all side particles are attracted 
to these fixed arches, all acting as supports of the resulting synclastic shape, ensuring 
three identical module edges that could be linked to one another in different 
configurations afterwards. The mesh obtained in grasshopper will be the same as for 
the finite element model with a sizing control set to 1.00 [5]. 


To broaden the possible configurations, this form found triangle was subdivided into 
smaller synclastic modules, which can be assembled in more various ways. Based on 
an intersection with the planes of symmetry, a pair of modules is recognized and used 
as repeating set for other configurations. The synclastic triangular shape accompanied 
by three additional configurations are visualized in figure 2. These have been obtained 
after tessellation of the modules in the XY-plane with respectively three, ten, sixteen 
and eighteen pairs of modules from left to right. 


B” >. >. 3 & ne > 


Figure 2. Perspectives of the form found shape (left) and three other configurations, 
all assembled with one pair of repeating modules (A and B, left) 
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3. FINITE ELEMENT MODEL 

For this research, the synclastic triangular shape was selected and considered as study 
case for the structural feasibility study. To avoid some unrepresentative stress 
concentrations at the supports, one triangular element was removed at each ground 
connection to achieve a larger base of 0,46 m. These boundary conditions were 
assumed to be hinged, to limit the bending produced under loading in the shell and to 
promote the membranal actions. To provide sufficient free height, the shape has been 
rescaled to have a side span of 8 meters, as it was initially designed for. This led to a 
free height under the apex of 2.10 m. All dimensions are summarized in figure 3. 


After identifying the surface as a monolithic conventional shell in the finite element 
software ABAQUS, additional parameters were implemented for the analysis such as 
the material properties and the load. A fictitious, linear, and homogeneous TRC 
material is assumed for this preliminary analysis. The experiments concerning this 
TRC material are led at the Department of ‘Mechanics of Materials and Constructions’ 
in Brussels (VUB), being in line with the recommendation stated by the RILEM TC 
232-TDT [6] [7]. A self-compacting Ordinary Portland Cement (OPC) is used as 
concrete matrix which is reinforced with AR-glass fiber textiles usually shaped into a 
grid structure. The three main values as well as the assumed thickness of the shell 
used in this work, are summarized in table 1 [7] [8]. In this case, the E-modules was 
assumed equal to the compressive stiffness of 26 GPa, for the main reason that shells 
mainly work in compression [9]. 


E-modulus 6 GPa 
Poisson ratio 0,21 


Bewsiey 2000 kg/m? 
Shell thickness 0,1 = 


Figure 3. Ground connection enlargement (0.46m) of the synclastic basic triangle for 
structural analysis, having a maximal height of 2.10 meters and side span of 8 m. 
Table 1. Implemented material properties (approximated TRC) in the finite element 
model for the structural analysis. 


Concerning the permanent load, the self-weight of the shell will be inspected in the 
first part of the structural analysis by means of a ‘Gravity load’. Concerning the wind 
and snow loads, it is important to recognize that, concerning the computation of these 
load cases, this specific shell shape is not fully covered by the Eurocodes. This leaves 
the field free to some interpretations and assumptions, depending on the situation and 
the fundamentals provided by the standards. The first step is to expose the most 
relevant wind and snow load values obtained to perform the analysis under load 
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combination in Abaqus. Then, the criteria that need to be fulfilled for Ultimate Limit 
State and Serviceability Limit State with the corresponding safety and combination 
factors will be exposed. Finally, the result of the most unfavorable load combination 
meaning the most critical loading patterns for the structure and thus assumed to 
generate the worst effects on the structure and the largest stresses and displacements, 
on the basic equilateral triangle with synclastic curvature will be figured out. 


Ten load combinations have been investigated, but only the determining load case 
(LC3) will be specified in this section. In this case, the applied downward wind 
pressure is asymmetrical which would lead to increased bending in the structure. The 
snow load moreover is asymmetrical as well, where the right part displays higher 
downward forces than the left one due to the drifted snow assumption. 


The load pattern with corresponding wind pressure values is based on the canopy roof 
of ‘Eurocode 1: Actions on structures — Part 1.4’ (table 2) [10]. For the snow load, the 
drifted conditions are considered for a domed roof of Part 1-3 [11]. The snow consists 
of a triangular load, with the maximum characterized by the arrows in between the 
values going from 0 to 600 N/m’ for the left part and 0 to 1200 N/m’ for the right part. 
Both load patterns are asymmetric for LC3 and are visualized on figure 4. 


AWIND I 


Figure 4. Load pattern of the most determining wind and snow case on the structure 


A B 


1,3 1,9 
592,15 865,45 
-1,4 -1,81 
-637,7 -824,45 


Table 2. Wind pressure values [N/m?] of zones with upwards or downward pressure 


1,35 * SW + 1,5 * Wind(asymm) + 1,5 * 0,5 * Snow(asymm) (1) 


Formula 1. Formula of the most determining load case for the structure, based on 
approximations referring to the Eurocode EN 1991-1-(1, 3 and 4) 
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4. STRUCTURAL ANALYSIS OF A CASE STUDY 
4.1 Behavior under self-weight 


The numerical analysis of the triangular shell shape under self-weight constitutes a 
way to verify the efficiency of the form finding procedure in terms of material use, 
stresses, and displacement. A comparison will be made with the analysis on a flat 
triangular plate covering the same ground surface as the synclastic triangular shell, 
i.e. equilateral with a 8m-long side under the same loading (SW) and with the same 
boundary conditions (hinged to the ground). Their structural behavior is visualized in 
figure 5, with the summarized zones of stresses and maximal displacements. 


Fiat plate - Bottom surface Flat plate - Top surface Synclastic triangle - Bottom surface Synclastic triangle - Top surface 


Aa AA 5 -— 
f \ tN 
. SEE > * 2 & ca y . Y ay 
{ max.tension max. compression pure tension J pure compression @ max. displacements 


Figure 5. Summarized zones of stresses and maximal displacements under SW - Flat 
plate analysis (left) — synclastic triangular configuration analysis (right) 


Max. in-plane principal Min. in-plane principal Displacement 
stresses [MPa] stresses [MPa] [mm] 


Bottom Top Bottom Maximum 


Flat plate 1,5 2,3 -2,3 -7,5 -37,0 


Synclastic 
triangle 
Location Middle Middle Middle Middle 
boundary pillar pillar boundary 
Table 3. Summarized maximal values of stress and maximal displacements under SW- 
Flat plate analysis (above) — synclastic triangular configuration analysis (under) 


1,0 1,6 -2,3 -0,7 -0,9 


Central point 


As shown in the scheme, the middle part of the boundaries and the area close to the 
supports are the weakest zones due to the occurrence of bending. The boundaries are 
weaker zones, showing a maximum tension of 1.0 MPa on the bottom surface and a 
maximum compression of 0.7 MPa on the top surface. This can be explained with the 
flow of forces, which can only be transferred in a single direction along these 
boundaries, creating a concentration of the force. This boundary, located far from its 
support, experiences a lower stiffness with bending as result. At these specific 
locations, the bending is coupled with additional tension, due to the side boundaries 
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being pulled towards the center of the shell. In addition, the shape has been form found 
in between fixed boundaries, deviating from its most natural path in case only the 
comer points were selected as supports. This could explain why larger bending occurs 
at these edges compared to the center of the structure. Like in the case of an arch, the 
axial forces increase while reaching the supports. In addition to that, all the forces 
experienced in the shell are redirected to the ground by means of three pillars 
functioning as a reduced cross section leading to higher stresses/compression. 


In comparison with the plate, the curvature of the shell allows to reduce the bending 
moments in the central part of the structure. Indeed, the top surface is subjected to 
pure compression (max in plane figure) while the bottom one has a lower level of 
tension (closed to zero on min in plane figure). Net reduction of the bottom tension 
and of the top compression are displayed (>85%) and the displacements of the 
synclastic shell are almost insignificant as the maximum value has been reduced by 
95% reaching less than | mm. 


4.2 Behavior under load combinations 


In this second part, the thin-walled element will be submitted to additional loads such 
as wind and snow, according to the load combination defined in section 3. 


The weakest areas of the shell under this load combination are similar to the ones 
under pure self-weight. The bottom boundary (in plan) is being pushed inside due to 
the large and uneven wind pressure applied at this location. This movement downward 
and towards the center generates a kind of uplift effect (bumping) of the top part 
(outermost left pillar). Therefore, as the supports were already weaker zones in the 
pure SW analysis, this top support undergoes the largest hogging moment coupled 
with the largest displacements (top maximum tension and large bottom compression) 
as it must re-equilibrate the deformation. While looking at the two other support areas, 
the ones which are directly subjected to the wind pressure, it can be noticed that the 
tension is lower on the top surface while the zone of larger compression is still visible 
at the bottom surface meaning that the bending moment is relatively low and coupled 
with compression, at the opposite of the top one which is coupled with tension. 


The other weaker zones highlighted by the SW analysis and noticed once more, are 
the arched boundaries which are displaying differences in their stresses and 
displacements. Indeed, the two side ones (left and right) are undergoing larger 
bending. This can be explained by the fact that it is at this specific location that the 
wind upward and downward zones are meeting. Moreover, these two boundaries are 
influenced by the support areas being pushed inwards (left and right) and upwards at 
the support at the top, accentuating the stress in them. The right one is also slightly 
more bent than the left one as it is subjected to higher snow. In the same idea, no large 
differences are visible in between the left and right side even if the snow load applied 
is different and asymmetrical. It can be deduced that this load is not determining for 
the structure and the dimensioning as it affects the structure less than the wind. 
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Although these maximum values are increased compared to the pure SW analysis, the 
ULS and SLS criteria are still fulfilled as neither the tensile and compressive strengths 
of the material nor the displacements are exceeded (see Table 4). The maximum 
compression of 4.2 MPa is only a fraction of the allowed 38.7 MPa. Although it is 
safe, the 3.1 MPa tensile stress is closer to the maximum limit set at 4 MPa. A note 
can be added here to explain why TRC, even if it provides low tensile resistance, is 
chosen for such a structure. Indeed, the tensile strength is way lower than the 
compressive one but in general shell behavior, the stresses are really limited as 
demonstrated before. Therefore, this material allowing slender cross-sections is 
performant for these kinds of structures. Finally, the maximum displacement of 2mm, 
occurring where the hogging moment is the largest, is still largely acceptable 
compared to the 32 mm allowed even if they are computed under an ULS, more 
severe, combination. 


Synclastic triangle LC3 - Bottom surface Synclastic triangle LC3 - Top surface 


f 2» 


F/NEN 
ENA, 
RANA 

Aa 
OCTANE? 
Vata 


max. tension max. compression pure tension J pure compression @ max. displacements 


Figure 6. Summarized zones of stresses and maximal displacements under its most 
determining load case LC3 — synclastic triangular configuration analysis 


Max. in-plane principal Min. in-plane principal Displacement 
stresses [MPa] stresses [MPa] [mm] 


Bottom Top Bottom Maximum 


1,0 1,6 0,9 


Load case 


2,1 2,0 


Design tensile Design compressive 


strength (614) strength (6c,a) Span/250 


CRITERIA 


4,0 -38,7 32,0 


Table 4. Summarized values of the max and min in-plane principal stresses and 
maximum displacements of the structure, under its most determining load case LC3 
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5. CONCLUSIONS 


As the results show, the form found shell experiences mainly membrane action under 
self-weight. The bending moments and stresses remain limited. This demonstrates the 
necessity of form-finding processes allowing to have efficient structural shapes. The 
stress levels, especially the bending (in term of value but also zone extension), and 
the displacements are appreciably low. 


Moreover, the preliminary design simulations show that a thin TRC section of only a 
few centimeters would suffice to withstand all load combinations. It has been shown 
by the load combination that the asymmetrical wind loading generally produces the 
worst effect on the structure, leading to large bending and hogging moments coupled 
with displacements due to the differential behavior between different zones. The case 
leading to the largest values of the stresses and displacement is LC3, with downward 
wind I (bottom of the shape) and downward drifted snow almost reaching the assumed 
tensile strength. As explained in previous section it can be explained by the fact that 
the wind acts on a larger zone, pressing the three free edges with the largest intensity 
on the bottom of the shape, fully covered by it. In conclusion, the modular design 
approach shows to be not only resource-effective on the level of the repetitive use of 
formwork, but also on the structural efficiency of the TRC modular shell itself. 


Concerning further research in this field: for the geometrical part, one can extend the 
scope by experiencing other shell configurations. This research only covers the 
module combination in the XY-plane, whereas more freedom could maybe be reached 
by also manipulating the modules in the third dimension. Concerning the early stage 
structural part, several improvements are still needed to be implemented. As 
previously stated, this research consists in a preliminary design and neither the non- 
linear tensile behavior of the TRC with the layering of the material, nor the buckling 
occurring in slender elements under compressive loads have been considered here. 
Moreover, in this case only the basic synclastic triangle has been explored under the 
load combinations. To finally close the loop and entirely handle the subject, the 
connections between two modules or between the module and the ground could be 
mastered. Besides that, the manufacturing techniques and on-site installations are also 
significant aspects that could not be neglected. 
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SUMMARY: The efficiency of ferrocement laminates applied for strengthening of concrete 
substrates and subjected to shear or bending, is dependent on the characteristics of the 
interfacial bond especially at early age. Early age bond strength and performance of fiber- 
reinforced ferrocement-concrete composite sections under different thermal curing conditions 
is investigated in this study. The experimental program takes into consideration three 
variables: (1) fibres utilized in the mortar mix (steel and polypropylene), and (2) thermal curing 
temperature. The bond testing is evaluated through 1) pull-off strength applied on slabs (305 
mm x 305 mm), 2) Compatibility test, 2) splitting tensile as well as 4) slanted shear tests (76 
mm x 152 mm). Mechanical properties under the same condition for all mixes are presented 
and discussed. 


KEY WORDS: bond, strengthening, heating, pull-off, fibers. 
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1. INTRODUCTION 


To extend the service life of reinforced concrete deteriorated members, innovative 
materials and composites are necessary. Various strengthening materials and systems 
have been implemented such as fiber reinforced polymers (FRP), self-consolidating 
concrete (SCC), and ferrocement. Ferrocement has been utilized extensively in 
Australia, New Zeeland and the United Kingdom since early 1960’s for different 
repair applications especially for historic structures repairs [1]. Many reasons 
contributed to their popularity such as ease of mouldability, lightweight and low cost 
[2]. Although, strengthening using ferrocement has been extensively proven by many 
scholars to be effective in increasing reinforced concrete member’s capacity under 
bending, shear, and torsion [5-8,17], the ferrocement-concrete interface remains a 
critical parameter that needs further understanding [4] and clarification especially at 
early age within the first 3 days. Significant research has been conducted to investigate 
the bond strength of ferrocement/concrete [2,3]. However, studies incorporating the 
pull-off characterizations are very limited [1, 4, 16] especially at an early age. For 
repair purposes, early age pull-off strength of ferrocement is crucial as it indicates the 
bond capacity under direct tension which can be also used to derive bond-slip 
relationships [15]. Understanding the bond capacity of ferrocement/concrete at early 
age can assist in saving construction time. Given than, this paper aims at investigating 
the bond characteristics of ferrocement mixes to class A concrete at ages 8 hours to 3 
days through 1) pull-off strength applied on slabs (305 mm x 305 mm), 2) 
Compatibility test, 2) splitting tensile and 4) slanted shear tests (76 mm x 152 mm). 
The bond performance is tested under heat blankets, which aims to accelerate the 
hydration process, and is compared to specimens cured at ambient temperature. In 
addition, use of cementitious materials, silica fume and slag, combined with 
polypropylene or steel fibers are tested. 


2. MATERIALS AND METHODS 
2.1. Material Characteristics 
2.1.1. Mix Design 


Recently, there has been a growing trend towards the use of supplementary 
cementitious materials, such as silica fume, fly ash, and blast furnace slag in the 
production of composite cements due to the economical, technical, and environmental 
benefits. Research shows that the incorporation of silica fume enhances the bond 
between concrete and overlay [9,13,14]. In addition, slag is a more environmentally 
friendly material which reduces energy consumption by 90 % in production and it is 
able to achieve higher compressive strength compared to cement [11,12,10]. For those 
reasons, two mixture designs were investigated and prepared in this study utilizing 
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silica fume (5%) and a combination of slag (15%) and silica fume (5%) of the 
cementitious material. Both mixtures are summarized in Table /. 


Table 1. Mixture proportions (kg/m’) 


Mix ID* | Cement | Silica fume Slag es w/c Sand 
cementitious 
FC-S 617 33 (5%) - 650 0.4 1300 
FC-SSL 520 33 (5%) 97 (15%) 650 0.4 1300 
* FC: ferrocement, S: Silica fume, SL: slag 
2.1.2. fibers 


Figure | illustrates the steel and synthetic polypropylene fibres utilized in this study. 
The steel fibers (S) are 13 mm with a 2850 MPa tensile strength and the macro 
polypropylene fibres (M) are 19 mm with 600-650 MPa of tensile strength. In 
addition, combination of micro and macro polypropylene fibers (H) at a ratio of 1:4 
has been tested. 


(a) (b) 
Figure 1. 19 mm Polypropylene fibres (a) Macro, (b) Micro (c) 13 mm Steel fiberes 


3. CURING METHODS 
3.1. Heat Blanket 


As presented in Figure 2, Two curing methods are applied, which are, 1) ambient 
curing, and 2) thermal curing. Thermal or heat blanket are applied on the ferrocement 
for three (3) hours with at temperature ranges between 110-120°F, after which only 
wet burlap is applied. Similarly, the ambient cured specimens have wet burlap applied 
once casted. This study will present an insight of the composite under thermal blanket. 


Figure 2. Curing Method: (a) Ambient, and (b) Thermal Curing 
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4. EXPERIMENTAL PROGRAM 


An experimental program is conducted to evaluate the bond strength of fiber- 
reinforced ferrocement when applied on concrete substrates at early age (within 3 
days). The bond testing is evaluated through pull-off strength using slabs (305 mm x 
305 mm), splitting tensile, and slanted shear testing (76 mm x 152 mm). In addition, 
the test developed by Czarnecki et al. [9] to examine the compatibility of the repair 
materials with the substrate is conducted. All testing included in this program are 
summarized in Table 2 and Figure 3. The substrate surface for all specimens is water- 
jetted to provide a rough surface interface. Prior to casting the ferrocement layer the 
surfaces are cleaned from any debris and saturated with water to promote the 


ferrocement/substrate bonding. 


Table 2. Experimental Program Summary for each Curing Method 


Test Standards Test Methods Age” Size mm (number) 
ASTM C1583 Pull-off 8h, 12h, 1d, 3d | 305 x 305 slabs (2) 
ASTM C882 Slanted Shear 8h, 12h, 1d, 3d | 76x 152 (8) 
ASTM C496 Splitting Tensile 8h, 12h, 1d, 3d | 76x 152 (8) 
Czarnecki et al. [9] Compatibility test 8h, 12h, 1d, 3d | 406 x 102 (8) 
ASTM C39, ASTM Compressive Strength 

C496 Tensile Saeren 8h, 12h, 1d, 3d | 76 x 152 (16) 


*h: hours, d:days 


t Ferrocement ft 


Substrate (Class A,Concreté) Danes 


= 305 mm = 


(b) 


— 76mm — 


*.*| 102 mm 


vi ein ~ scien} | 
e e 


- 203 mm - 


(c) 


(d) 


Figure 3. Interfacial Bond Strength tests: (a) Slanted Shear, (a) Pull-off test 


setup, (c) Splitting Tensile, and (c) Compatibility test 


5. RESULTS AND DISCUSSION 
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5.1. Mechanical Properties of the Mixtures 
5.1.1. Control Mixtures 


Figure 4 illustrates the compressive and the tensile strength for the control mixtures 
FC-S and FC-SSL (defined in Table 1) under both curing methods. As presented, FC- 
S did not achieve any noticeable compressive strength (< 2 MPa) nor tensile strength 
at 8 hours with or without thermal heating. At 12 hours, thermal curing improved the 
compressive and tensile strength of the FC-S mixture by 287% (4.87 MPa > 18.84 
MPa) and 190% (0.59 MPa > 1.71 MPa), respectively, compared to the ambient 
cured specimens. On the other hand, utilizing 15% of slag in FC-SSL mixture 
produced higher strength at early age (8 and 12 hours) compared to FC-S mixture. As 
shown in Figure 4, FC-SSL improved compressive strength at 8 and 12 hours by 600% 
(2 MPa > 15.2 MPa) and 12.6% (18.8 MPa > 21.17 MPa), respectively compared 
to FC-S under heating conditions. Similarly, tensile strength for FC-SSL improved up 
to 718% and 162% compared to FC-S mixture under heating and ambient condition, 
respectively. Beyond 12 hours, the heating effect on both the compressive and tensile 
strength was minimal with both FC-S and FC-SSL mixtures. 


Compressive Strength (psi) 


8000 x T T 500 T T 
: FC-S (H) i 3.2 
FC-SSL (H) : i : 
FC-S (A) : 
FC-SSL (A) 


7000 


ERE 


400 | 


FOSSE>FC-S | 


Compressive Strength (MPa) 
Tensile Strength (psi) 


Figure 4. Mechanical Properties of the Control Mixes (FC-SSL and FC-S), (a) 
Compression Strength and (b) Tensile Strength. (H) for heated — (A) for Ambient 


5.1.2. Fibrous Mixtures 


Figure 5 and Figure 6 illustrates the compressive and the tensile strength for both 
mixtures, FC-S and FC-SSL, under both curing methods after fibers is added. As 
presented, FC-S did not achieve any noticeable compressive strength (< 2 MPa) nor 
tensile strength at 8 hours with or without polypropylene fibers (FC-S-0.2M, FC-S- 
0.2H) under heating or ambient conditions. FC-S-0.2M is the designation for the 
mixture with 0.2% by volume of polypropylene macro fibers and FC-S-0.2H is the 


213 


Tensile Strength (MPa) 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT AND THIN FIBER 


REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


designation for the mixture with 0.17% polypropylene macro fibers and 0.03% 
polypropylene microfibers. To promote the compressive and tensile strength at 8 
hours, slag replaced 15% of cement and polypropylene fibers’ content was increased 
to 0.4% (FC-SSL-0.4H). These two changes improved compressive and tensile 
strength up to 20 MPa and 1.5 MPa, respectively. In addition, those changes improved 
FC-SSL-0.4H tensile strength up to 907% for all ages tested (Figure 6), which could 
be an indication of better bond characteristics. Moreover, 0.4% of steel fibers was 
tested for FC-SSL-0.4S and it shows improvements in the compressive and tensile 
strength at 8 and 12 hours up to 84% under ambient curing condition. 


8000 : 8000 
FC-S (H) FC-SSL (H) 
Eco) I FC-SSL (A) f 50 
FC-S-0.2M (H) |" 7000 |] EE] FC-SSL-0.4H (H) 
I FC-SSL-0.4H(A) | 
= e e604 FC-SSL-O4S(H) fe - 
z & |G Mi FCSSLo4s(a) | 40 ¢ 
3 ® | % s00 po ee ee ee 
= g/g Wh 2 8 
8 Be || 9D gags petal cout alld ay 
2 2 4000 aN GG a 
5 s g w) @ 
3 a | 3 aa 3 
4 2 Barna: Pasaisinasaaccandtpg lasso! VM oo 8 
a | 2 3000 EW 20 2 
E E a cg a 
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# ao ike 
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Figure 5. Compressive Strength comparison to fibrous mixtures, (a) FC-S-0.2M, 
FC-S-0.2H, compared to FC-S, and (b) FC-SSL-0.4H, FC-SLL-0.4S compared to 


FC-SSL 
500 eon 1 a ae 
IB FC-S (A) i 3.2 IE FCSSL (A) se 
El] FC-S-0.2M(H)| | a El FC-SSL-0.4H (H 
goo || ML ECS-O.2M (A |. AY] | 2s goo | Mi FC-SSLO.aH(A 28 
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Figure 6. Tensile Strength comparison to fibrous mixtures, (a) FC-S-0.2M, FC-S- 
0.2H, compared to FC-S, and (b) FC-SSL-0.4H, FC-SLL-0.4S compared to FC-SSL 
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5.2. Bond Characteristics of the Mixtures 


Slag-based mixtures presented better mechanical properties at 8 and 12 hours and for 
that reason they qualify for early age bond testing compared to silica-fume-based 
mixtures. FC-SSL (control mix), FC-SSL-0.4H (0.06% of micro and 0.34% macro 
polypropylene fibers) and FC-SSL-0.4S (0.4% of steel fibers) are the three mixtures 
utilized in this study. 


5.2.1. Effect of thermal curing 


Thermal curing under heat blanket at a temperature ranging from 100 — 120°F for 
three hours had a positive effect on the bond characteristics investigated in this study 
for all mixtures. As illustrated in Figure 7, slanted shear capacity was improved up to 
309%, 96% and 31% for FC-SSL, FC-SSL-0.4S and FC-SSL-0.4H, respectively. as 
illustrated in Figure 8 (b) for ambient and heated curing, the failure occurred at the 
interface for 8 and 12 hours testing and on the repair/substrate materials for 24 hours 
and 3 days testing, which indicates that full-bond occurred. Similarly, heating 
conditions improved splitting tensile up to 194% for FC-SSL, 73% for FC-SSL-0.4S 
and 100% for FC-SSL-0.4H. 


Pull-off strength significantly improved with the thermal curing. At 8 hours, all 
mixtures were not hard enough to perform the testing under ambient conditions. 
However, after heating for three hours, the pull-off capacity improved to 28 MPa, 51 
MPa and 78 MPa, for FC-SSL, FC-SSL-0.4S and FC-SSL-0.4H, respectively. It was 
also observed that ambient cured specimens’ failure occurs at within the ferrocement 
layer for 12 hours and at the ferrocement/substrate interface for other ages (as 
illustrated in Figure 8 (c)). However, for the heated samples, the failure occurred at 
the ferrocement/substrate interface at 8 and 12 hours and at the substrate beyond there, 
which confirms the effectiveness of the heating for early age bond strength. 


Similarly, the compatibility strength between the ferrocement and substrate was 
improved under heating conditions up to 13%, 34% and 10% for FC-SSL, FC-SLL- 
0.4H, FC-SSL-0.4S, respectively. It was observed that most ambient cured specimens 
suffered failure at the bond interface (debonding), however, many of the heated 
specimens failed at the substrate, as presented in Figure 8 (a). 


5.2.2. Effect of fibers 


Bond characteristics were affected by the addition of polypropylene and steel fibers. 
The use of fibers adversely affected the slanted shear and splitting tensile capacity up 
to 4% and 27% when compared to the control mix under heated conditions. This 
occurs because the bond between the mortar and fibers were not achieved yet 
especially that both test results was improved at later ages up to 74% for 
polypropylene fibers and 86% for steel fibers. On the other hand, pull off testing 
results indicated an improvement for 8 and 12 hours up to 342% for FC-SSL-0.4H 
and 104% for FC-SSL-0.4S, but not for 24 hours and 3 days. In addition, pull-off 
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capacity was reduced up to 50% when steel fibers are utilized under ambient 
temperature compared to the control mix. However, when polypropylene fibers are 
utilized the pull-off capacity was improved up to 70% at all ages under the same 
conditions. The results shows that FS-SSL-0.4H achieved higher slanted shear, 
splitting tensile and pull-off strength compared to FS-SSL-0.4S, at most ages under 
ambient and heated conditions. Nevertheless, the compatibility test shows that steel 
fibers are more effective in improving flexural capacity of the substrate when 
compared to polypropylene fibers with the same dosage. 
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Figure 7. Bond Characteristics, (a) Pull-off Strength, (b) Slanted Shear, (c) splitting 
tensile, (d) Compatibility test 
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Bond Failure Substrate Failure 


(b) (c) 
Figure 8. Failure Criteria, (a) Compatibility test, (b) Slanted Shear, (c) Pull-off 


6. CONCLUSIONS 


This paper presented the results for the bond characteristics of mortar mixture 
utilizing silica fume and slag and the following conclusions are drawn: 


= Heating method under thermal blankets with a temperature ranging from 
100-120°F for three hours can assist in improving the bond strength between 
overlay and substrate surface which could accelerate the construction and 
repair process. 

= polypropylene fibers achieve higher slanted shear, splitting tensile and pull- 
off strength compared to steel ones, at most ages under ambient and heated 
conditions. 

= The compatibility test shows that steel fibers are more effective in 
improving flexural capacity of the substrate when compared to 
polypropylene fibers at the same dosage. 
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SUMMARY: This paper investigates the performance of fiber reinforced ferro-cement (FRFC) 
and ultra-high-performance concrete (UHPC) in retrofitting reinforced concrete beams at 
early age. This program evaluates the ability of these materials in restoring the load carrying 
capacity and deflection of the reinforced concrete (RC) beams at early ages (up to 3 days). The 
beams were designed to fail in flexure and during testing, cracking widths were measured at 
several loads. Two main variables are analyzed in the analysis which are 1) curing regimes 
and 2) Mesh type. For the curing regimes, two methods will be investigated: (1) Wet-burlap, 
and (2) Thermal Curing (Heat Blanket) for three hours. In addition, standard steel mesh and 
basalt mesh will be utilized in this study. In addition to the FRFC and UHPC efficiency in 
retrofitting concrete beams, the flexural toughness for each material was investigated through 
the panel testing. 


KEY WORDS: strengthening, heating, basalt mesh, flexural toughness, repair. 
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1. INTRODUCTION 


In this paper, the effect of fiber reinforced ferrocement and ultra-high-performance 
concrete (UHPC) is investigated in the retrofitting of concrete reinforced (RC) beams 
with loss in concrete cover. The use of ferrocement is renowned for retrofitting 
capabilities due to simplicity and speed of application to a substrate. On the other 
hand, there is limited research on the early age (up to 3 days) efficiency of ferrocement 
and UHPC in restoring load carrying capacity, deflections, and improving cracking 
performance compared to unrepaired beam (full depth) is investigated. Previous 
studies have investigated the use of ferrocement or UHPC in the repair of beams in 
flexural in later ages. Nassif et al. (2004) studied the effect of mesh, mesh layers and 
shear studs on the behavior of beams repaired with ferrocement [1]. It was concluded 
that full composite between the ferrocement/concrete layer can not be attained based 
on rough surfaces without any shear studs [1]. For UHPC, Zhang et al. (2021) utilized 
UHPC to repair pre-damaged beams and achieved at least 57% improvement in 
cracking load and 72% in ultimate loads compared to control beams [2]. As stated, 
many scholars confirmed that UHPC and ferrocement are efficient in restoring load 
carrying capacity at 28 days and beyond. However, limited studies are investigating 
the efficiency of those materials in retrofitting RC beams at early age. This study 
focuses on experimental testing and analysis of specimens at early age (1 and 3 days), 
which could assist in accelerated construction time if the results are satisfactory. 


2. EXPERIMENTAL PROGRAM 


2.1. Flexural Panels 

An experimental program is conducted to evaluate the flexural toughness of fiber- 
reinforced ferrocement and UHPC laminates when reinforced with one layer of 
standard steel mesh or basalt mesh. The fibers utilized in the mortar mix are macro 
and micro polypropylene fibers as well as_ steel  ffibers = ( 
Figure 1). Two curing methods are applied including, 1) wet burlap, and 2) thermal 
curing. Thermal or heat blanket is used to heat the repair material for three hours, at a 
temperature between 100 — 120°F, combined to wet-burlap, after which only wet- 
burlap is applied. To investigate the flexural toughness of the fiber-reinforced 
ferrocement composite, 550 x 150 x 32 mm specimens (Figure 3) are fabricated and 
tested under four-point bending manner. Cracking and failure behavior for each 
specimen will be compared to other specimens to determine the effect of mesh, curing 
and mix on the overall flexural behavior. 
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(b) (c) 
Figure 1. 19 mm Polypropylene fibers (a) Macro, (b) Micro, (c) Steel fibers 


(a) | (b) 


Figure 2. Curing methods (a) Heated conditions, (b) Ambient conditions 


2.2. Flexural Strengthening 

In this study, twelve RC beams were casted with 30 mm loss in the concrete cover at 
the soffit of the beam. Each beam has a total depth of 150 mm, width of 150 mm, and 
a clear span length of 914 mm. Figure 4 illustrates the specimens’ dimensions for the 
concrete beams strengthened with ferrocement/UHPC. As presented in Table 1, the 
beams retrofitted with fiber reinforced ferrocement are designated as FRFC and the 
ones with UHPC are designated as UHPC. Class A concrete which is common in New 
Jersey bridges will be used as the substrate for all mixes. 


Table 1. Testing plan 


Curing Beam type* Mesh type | Testing Age Specimens # 
Ween Full Class A-C NA 2 
(chitin FRFC-S Steel 2 
FRFC-B Basalt 2 
FRFC-S Steel 1 and 3 days 2 
Heat FRFC-B Basalt 2 
Curing UHPC-C NA 2 
UHPC-B Basalt Z 


* C for control, S for steel mesh, B for basalt mesh 


Pi2 P/2 
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Figure 3. Flexural Toughness: Specimen dimension, mesh, and Setup 
Pi2 Pi2 
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Figure 4. Retrofitted Beam dimension and reinforcement setup 
3. RESULTS AND DISCUSSION 


3.1. FRFC Mechanical Properties 

3.1.1 Mix Design 

In this study, two mixtures utilizing silica fume (5%) and a combination of slag (15%) 
and silica fume (5%) were casted with several fibers’ content. Proportions of each mix 
are summarized in Table 1. As shown in Figure 5, curing under heating conditions 
increased the compressive up to 125% for silica-fume based mixture (FC-S, FC-S- 
0.4H) and up to 32% for slag-based mixtures (FC-SSL, FC-SSL-0.4H, FC-SSL-0.4S). 
Moreover, it was observed that combining slag, silica fume with 0.4 of steel fibers 
(FC-SSL-0.4S) resulted in the highest tensile capacity among all mixtures. For UHPC, 
a non-proprietary mixture that combines 14% and 21% (by weight) of river sand and 
light weight sand and utilizes cement, slag and steel fibers is used in this study. This 
mixture achieved a compressive and tensile strength of 70 and 10.2 MPA in three 
days, respectively. 


Table 2. Mixture proportions (kg/m?) 


Mix ID* Cement | Silica fume Slag hao w/c Sand 
cementitious 

FC-S 617 33 (5%) - 650 0.4 1300 
FC-SSL 520 33 (5%) 97 (15%) 650 0.4 1300 
* FC: ferrocement, S: Silica fume, SL: slag 
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Figure 5. (a) Compressive Strength, (b) Tensile Strength (h: heating, A: ambient) 
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3.2. Flexural Analysis of the Panels 


Panel flexural testing is conducted to evaluate the flexural capacity of fiber- 
reinforced ferrocement and UHPC laminates when supported with one layer of 
standard steel mesh or basalt mesh. Figure 6 (a) illustrates the four-point loading 
setup for the panels with a linear variable differential transformer (LVDT) installed 
for accurate measurements of the mid-span deflection. 


presents the cracking and ultimate load and deflection for tested specimens under 
heating and ambient conditions. As presented, thermal curing conditions increased 
cracking load when FC-SLL, FC-SSL-0.4H and FC-SSL-0.4S mixtures are used up 
to 45%, 48% and 28% for panels reinforced with steel or basalt mesh at 24 hours, 
respectively. Similarly, the deflection at cracking was also improved for the same 
mixtures at 24 hours up to 32%, 47% and 42%. On the other hand, the heating did not 
show similar improvements when applied to FC-S and FC-S-0.4H mixtures at 24 
hours and 3 days. The results shows that both FC-S and FC-S-0.4H presented a drastic 
drop in the cracking and ultimate load at 3 days especially when combined with basalt 
mesh (-22.4%, -20%). Based on the results, FC-SLL-0.4S presented the best 
improvements in terms of cracking and ultimate load and deflection under heating 
conditions and for that, this mixture is proposed for retrofitting in this study. 
Regarding the UHPC panels, it was observed that the specimen start failing once the 
crack occurred which makes the cracking and ultimate load identical. UHPC panels 
exhibited the highest ultimate/cracking capacity compared to all specimens. 


(b) 
Figure 6. Testing Setup, (a) Panels, (b) Retrofitted beams 


Table 3. Load and Deflection Summary at Cracking and Ultimate (kN, mm) 
24-hour 3-day 
Speciemen ID Cracking Ultimate Cracking Ultimate 
Per Acr Pu Au Per Aer Pu Au 


FCS-S-N-A 
FCS-S-N-H 
FCS-B-N-A 
FCS-B-N-H 
FCS-S-H-A 2260 | 1.14 | 2260 1.1 2589 | 0.86 | NA NA 
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FCS-S-H-H 2157 | 1.07 | 2157 1.1 | 2162 | 1.19 | NA NA 
FCS-B-H-A 1877 | 0.91 | 2318 | 17.8 | 2269 | 0.66 | 2811 | 10.3 
FCS-B-H-H 1935 | 1.19 | 2460 | 12.7 | 1761 | 0.86 | 2242 | 11.0 
FCSSL-S-N-A 
FCSSL-S-N-H 
FCSSL-B-N-A 
FCSSL-B-N-H 
FCSSL-S-S-A 
FCSSL-S-S-H 
FCSSL-B-S-A 
FCSSL-B-S-H 
FCSSL-S-H-A 
FCSSL-S-H-H 
FCSSL-B-H-A 
FCSSL-B-H-H 


“Desgination (A-B-C-D). A for mix design : UHPC/FRS/FRSLL, B for Mesh type : N for no mesh/B for 
basalt/S for steel, C for fiber type : H for hybrid polyprobelene fibers/S for steel fibers, D for curing 
method : H for thermal heating/A for ambient conditions. 


3.3. Flexural Analysis of the Repaired Beams 


In this study, twelve RC beams were strengthened with the proposed laminates and 
tested until failure (concrete crushing on top). Figure 7 illustrates the casting process 
for the substrate and the repair layer. In addition, Figure 6 (b) shows the location of 
the sensors and load-cell utilized in measuring applied load, deflection, and cracks 
width during the test. 
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(a) (b) 
Figure 7. Retrofitted Beam Casting, (a) Substrate Casting, (b) Layer casting 


3.3.1 Load and Deflection Analysis of FRFC beams 


Figure 8 and Table 4 illustrates the load and deflection FRFC strengthened beams at 
cracking, yielding and ultimate loads. Compared to the control beam, all strengthened 
beams had a higher cracking, yielding and ultimate load but not ultimate deflection, 
which was reduced at least up to 21%. It was also observed that the thermal heating 
of FRFC beams had a positive effect on the cracking load at 24 hours. For beams 
reinforced with steel mesh, cracking, yielding and ultimate load was improved by 
23%, 15% and 6%, respectively. Similarly, when the basalt fiber mesh is utilized, the 
improvement achieved was 19%, 3.4% and 11.2% for cracking, yielding and ultimate 
load, respectively. At 3 days, the improvements for the cracking load were minimal, 
however ; the ultimate and yielding load increased by 19% and 14% in beams with 
steel mesh and by 6% and 16.6% in beams with basalt mesh, respectively. 
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Figure 8. Load-deflection of beams retrofitted with FR-FC 
Table 4. Summary of the applied load and deflection at different loading stages (kN, mm) 
Beam Designation* Per Aer Py Ay Pa Au 
Control 17 0.58 23.7 2.11 31.5 27.11 
16.8 0.25 29.5 2.36 30.8 20.22 
ees (-1%)* | (-57%) | (+25%) (+12%) (-2%) (-25%) 
20.6 0.55 33.9 2.16 32.6 17.78 
eae (+21%) | (-7%) | (+43%) | (+2%) | (44%) | (-34%) 
15.2 0.41 30.3 2.62 32.9 16.51 
as (-11%) | (-29%) | (+28%) | (+24%) | (+5%) | (-39%) 
FRFC-H-B-24h 18.0 0.51 31.3 2.03 36.6 6.43 
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(+6%) | (-13%) | (+32%) (-4%) (+16) | (-76%) 

18.4 0.89 29.8 2.59 28.7 16.76 

BRC ere (+8%) | (+52%) | (+26%) | (+23%) | (-9%) | (-38%) 
18.8 0.13 35.7 1.73 32.7 13.97 

A ee’ (+11%) | (-78%) | (+50%) (-18%) (+4%) | (-48%) 
17.8 0.48 32.4 4.75 31.9 17.40 

Des (+5%) | (-17%) | (+37%) | (+125%) | (+1%) | (-36%) 
17.6 0.20 34.3 3.76 37.2 14.53 

BULA C oa (+4%) | (-67%) | (+44%) | (+78%) | (+18%) | (-46%) 

1.19 

25.9 36.5 2.08 33.9 8.64 

OILS SIE St (+53%) ‘ (+54%) | (-1%) | (+8%) | (-68%) 
25.9 0.85 37.5 2.19 37.0 5.82 

LIBRIS 2 (+52%) | (+45%) | (+58%) (+4%) | (+18%) | (-79%) 
22.2 051 32.8 1.99 34.9 16.58 

BRL CARENE (+31%) | (-13%) | (+38%) (-5%) | (411%) | (-39%) 
31.5 1.29 46.3 4.55 414 14.30 

eels Be (+85%) | (+121%) | (+95%) (+116%) | (+31%) (-47%) 


* Desgination (A-B-C-D). A for mix design : UHPC/FRFC, D for curing method : H for thermal heating/A for ambient conditions, B for 
Mesh type : N for no mesh/B for basalt/S for steel, D for Age : 24 hours (24h) and 3 days (3d) . “ ultimate load after yeilding occured 


3.3.2. Load and Deflection Analysis for UHPC 

As illustrated in Figure 9, four beams were retrofitted with UHPC under heating 
conditions for three hours. Like FRFC retrofitted beams, UHPC improved the 
cracking and yielding load of the retrofitted beams up to 53% and 54% when no mesh 
was added and up to 85% and 95% when basalt mesh is utilized. When ultimate 
capacity is analyzed, the improvements achieved in the load reach 31% with basalt 
mesh and up to 11% with no mesh, compared to the control beams. However, the 
deflection at ultimate was reduced by 32% and 21%, with no-mesh and with basalt 
mesh, respectively. 


3.3.3. Comparison between FRFC and UHPC Strengthened Beams 

The load-deflection curves for beams strengthened with FRFC and UHPC are shown 
in figure 10. At 24 hours, the cracking capacity of the UHPC retrofitted beams 
(UHPC-H-N-24h, UHPC-H-B-24h) was higher than FRFC-H-B-24h by ~43%. At 3 
days, the basalt mesh presented a higher cracking, yielding and ultimate capacity by 
79%, 35% and 11%, respectively, when added to the UHPC layer. 
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Figure 9. Load-deflection of beams retrofitted with UHPC 
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3.3.4. Cracking analysis for the strengthened beams 
As illustrated in Figure 11, the use of mesh within the repair layer combined with the 
heat curing presents a better crack control system compared to the ambient cured 
specimens. At 3 days, the crack width at the yielding of the flexural reinforcement 
level was reduced up to 43%, 49.5% and 46% for UHPC-H-B-3d, FRFC-H-B-3d, 
FRFC-H-S-3d. Compared to FRFC-H-B, UHPC repaired beams were effective in 
reducing the crack width by up to 12 and 57%, with no-mesh and with one layer of 
basalt fiber mesh. However, at 3 days, FRFC-H-B crack width was 59% and 11% less 
than UHPC-H-N and UHPC-H-B, respectively. 


227 


Figure 10. Load-deflection of beams retrofitted with UHPC vs FR-FC for (a) 24 h, 


Applied Load (KN) 
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3.4. Conclusion and Recommendations 
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Figure 11. Crack Width Analysis at Yielding (a) 24 hours, (b) 3 days 
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This paper presents the results of RC beams strengthened with fiber reinforced 
ferrocement and UHPC layer. Based on this study: 


- The use of thermal blankets at a temperature between 100-120°F assists in 
accelerating the strength development of the FRFC and UHPC when used as a 


repair material. 


- The use of basalt mesh in UHPC repair materials is crucial to control the crack 


width. 


- Both UHPC and FRFC allow the strengthened member to exceed the ultimate 
capacity but not necessarily the deflection when measured at the concrete 
crushing point, compared to the control specimen. 
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SUMMARY: Amorphous silica has been obtained from some agricultural waste yet with 
downsides on agglomeration challenges. In this work, the enhancement in the mechanical 
properties of ferrocement due to addition of nanosilica obtained from zea mays was 
investigated. Extraction of nanosilica from Zea mays was done by a series of process, which 
include corrosive pre-treatment by acid wash, calcination, draining, sol-gel adjustment, and 
post-filtration method. Nanosilica obtained by the process were portrayed by XRD, SEM, 
TEM and E-DAX for morphology, essential structure, molecular size, and surface size. 
Results got uncovered that pre-calcination corrosive treatment of the Zea mays improves the 
silica yield however decreased the Van der Waal's cooperation of the silica particles bringing 
about silica particles with a little level of agglomeration. Sodium silicate adjusted with 
ethylene glycol sol-gel treatment preceding titration decreased silica agglomeration. The 
stem, cob, leaves and husk of Zea mays plant were burnt separately at a temperature of 625°C 
in a furnace and by XRD analysis it was found that the maximum silica content was present in 
leaves of Zea mays. NaOH was added to silica powder obtained by burning the leaves in 
order to get sodium silicate precipitate and then HNO; was added to the precipitate drop by 
drop and the residue was heated in oven at a temperature of 575°C for about 1.5 hrs to obtain 
nanosilica powder which had a nanosilica content of 96.59% when analyzed by XRD. The 
size of the particle of the nanosilica obtained was measured to be 10 nanometer determined 
by TEM and SEM. The obtained nanosilica was added to cement mortar used for ferrocement 
specimen in various proportions of 1%, 1.5% and 2% and the mechanical properties were 
investigated. From the results it was concluded that the optimum percentage addition of 
nanosilica was 1.5% by weight of cement. 


KEYWORDS: Zea mays, Nanosilica, Ferrocement, Mechanical properties, XRD, TEM, SEM. 
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1. INTRODUCTION: 


Nano materials are any organic, inorganic and organo metallic material 
with chemical, physical and electrical properties that also differ as a function of the 
material shape and size. This is commonly seen in the size ranging from | nm to a 
few ten nanometers in at least one dimension. These materials have very high 
proportions of surface atoms relative to interior ones. Also, due to quantum 
confinement effects, they are also subjected to properties variation. For both natural 
and industrial environment, nano material growth, dissolution and evaporation, 
surface reactivity and aggregation states play key roles in the lifetime. Several 
materials have recently been used for the improvement of concrete properties. 
Nanosilica is a reasonable admixture to cement, which contributes to better 
engineering properties. Nanosilica is a highly reactive pozzolana and could consume 
calcium hydroxide (CH) to form secondary C-S-H [15,16]. It reduces thermal 
cracking, improves durability, and increases strength. Silica is another term for 
silicon dioxide chemical compound. Each silica unit contains one silicon atom and 
two oxygen atoms. 


2. LITERATURE REVIEW 


Abdul Wahab et al (2013) has described the continuous demand of 
concrete to meet the various requirements and to carry out the research work in the 
area of concrete technology. Now a days, Nano technology is used in concrete in the 
form of nano materials like nano silica fume etc. to give superior properties. 
PrasadaRao D.V. and Pavan Kumar M. (2014) conducted experimental research 
to find the effect of nanosilica and fly ash on the strength properties of concrete with 
partial replacement for cement. Lazaro A Quercia and Brouwers H.J.H. (2014) 
studied the application of nanosilica in concrete produced by dissolution of olivine 
which showed high puzzolonic activity. This method is very cheaper than the other 
commercial methods because of low cost of the raw material and also less energy 
requirement. Mikrajuddin Abdullah (2015) suggested that the application of 
nanotechnology is an efficient way for reduction in the environmental pollution and 
to improve the durability of concrete. In his work, nanosilica was used as a filler 
material for concrete refractories to enhance particle packing. Goltermann P. et al 
(1997) discussed the main principle behind the high packing density concept and the 
minimization of void content. The result was low cement consumption, porosity, 
and low shrinkage; thus, concrete can achieve high performance. This concept was 
used in the mix design of high-performance cementitious mixes. 


3. PREPARATION METHOD: 


Dried Zea mays plants were collected from the nearby agricultural land 
after the harvest, rinsed with distilled water to remove soil and other particles, and 
then dried for 24 hours in open air. The stem, cob, leaves and husk were separated 
and ground subsequently to fine powder. 
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Figure 1. Zea mays plant. 


4. EXPERIMENTAL TEST: 


Nanosilica particles synthesized at high temperature was analyzed 
by various methods of characterization, such as X-ray diffraction (XRD), Scanning 
Electron microscope (SEM) and Transmission Electron Microscope (TEM) 


4.1. Determination of the amount of silica present in various parts of zea mays 
plant by XRD: 


Silica powder was prepared from various parts of the Zea mays such as 
stem, leaves, husk and cob burnt at a temperature 625°C in muffle furnace. The 
XRD pattern of silica powder obtained from various parts analyzed separately 
showed a sharp peak of 20= 23°, which indicates that little or no crystalline 
structure occurs and that a large percentage of the particles are amorphous. The acid 
treatment of the Zea mays at temperature of 625°C resulted in the formation of pure 
silica. 


The synthesized silica particles were characterized under X-Ray 
Diffractometer with the radiation source of wavelength 4 = 1.54A. The XRD 
patterns of the nanosilica powder obtained from various parts of zea mays are shown 
in Figure2. 


From the results obtained by XRD, it was found that zea mays leaves ash 
have high percentage of silica. In order to extract pure silica nano particles, 50 g of 
zea mays leaves ash was first boiled in a solution of 250 ml NaOH in order to form 
sodium silicate solution. pH of the solution was adjusted to 7.0 by adding HNO; 
drop by drop which thereby forms a precipitate. Thereafter, the sample was 
calcinated in the furnace for about 1.5hrs at the temperature of 575°C. 


The experimental investigation was carried out further using the nanosilica 
powder obtained from zea mays leaves burnt at 575°C. The mechanical 
characteristics, i.e. compressive strength, tensile strength and flexural strength of 
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cement mortar and ferrocement specimens due to addition of 1%,1.5% and 2% 
nanosilica was investigated. 
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Figure 2. XRD result of leaf, cob, husk and stem. 


4.2 Mix Proportions 


The Cement mortar cubes were cast with cement sand ratio of 1:2, with water 
cement ratio of 0.4 and inclusion of nanosilica in percentages of 1%, 1.5% and 2% 
by weight of cement. 


4.3 Casting of Specimen 


Cement mortar cubes of size 100mmx100mmx100mm, ferrocement prisms of size 
500mmx100mmx20mm and ferrocement tensile specimen (I shaped) with rib size of 
300mm x 50mm x30mm were cast with various percentage inclusions of nanosilica. 
The cement mortar cubes and the ferrocement prisms were cured for a period of 3 
days, 7 days and 28 days. 


4.4 Testing of Specimen 


Cement mortar cubes cast with and without nanosilica were tested on compression 
testing machine to find the compressive strength at 3 days, 7 days and 28 days. Also 
the flexural strength and tensile strength of ferrocement specimen with and without 
nanosilica were determined on Universal testing machine. 
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5. RESULTS AND DISCUSSIONS: 
5.1.1, Determination of particle size of nanosilica by SEM: 


Figure 3 Shows the SEM image of silica nanoparticles produced from ash 
obtained from leaves of Zea mays at x3000 magnification. The particles were 
observed to be spherical with reduced silica-silica agglomeration. The average 
particle size of the extracted silica particles size were found to be between 10 to 
0.5nm at 575°C. 


Figure3.SEM image of nanosilica obtained from Zea mays leaf ash 
5.1.2. Analysis by TEM: 


In transmission electron microscope, electron beam is transmitted through the thin 
sample. In order to get the best images, the best electron source needs to be used. 
The electrons produced by the gun are accelerated by the applied voltage. This 
accelerating voltage decides the electron wavelength. The wavelength of the 
electron (A) is related to the accelerating potential (V) by an equation: = (1.5 / V) 
Y where, A is the wavelength in nanometers (nm) and V is the accelerating voltage 
in volt. Figure 4 exhibits the cross sectional view through TEM of nanosilica 
obtained from ash of Zea mays leaves. 


The stream of the accelerated electrons is converged into a small, coherent beam by 
using electromagnetic lenses. The collimated beam of electrons falls on the 
specimen and some part of it is transmitted through the sample. This transmitted 
electron beam is focalized by the objective lens into an image. The image is then 
passed towards projector lens. 
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Figure4. TEM image of nanosilica obtained from ash of Zea mays leaf. 


The image (electron beam) strikes the phosphor image screen and then the image 
become visible. The greyscale image can be viewed directly on TV screen. The dark 
area of TEM image, the region which is thick or dense indicates that few electrons 
were transmitted through the region. The light area of TEM image indicates those 
area of the specimen through which large number of electrons were transmitted as 
the region of sample is less dense or thin. 


5.1.3. Determination of the amount of Nanosilica present by EDX: 


Energy Dispersive X-Ray Analysis (EDX) is an X-ray technique used to identify the 
elemental composition of materials 


Intensity 


1 2 3 4 5 6 ri B 9 10 


Energy/Kev 


Figure5. EDX image of nanosilica obtained from Zeamays leaf ash 


The technique can be qualitative, semi-quantitative, quantitative and also 
provide spatial distribution of elements through mapping. EDX result analysis 
pattern of nanosilica obtained from treated Zea mays leaves at 575°C predicts that 
silica and oxygen have the highest peaks. A strong intensity of Si and O as shown in 
the EDX spectra in Figure5, confirms that silica (SiO) is the predominant element 
in the sample which is 96.59% of the total composition with negligible impurities. 
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5.2.1. Determination of Compressive strength of cement mortar: 


The average compressive strengths for four configurations are presented in 
Table | and Figure 6. The average compressive strengths for the cement mortar with 
and without nanosilica are determined at 3days, 7days and 28 days. For all 
specimens, as the days elapsed the compressive strengths went on increasing. The 
increase in rate of compressive strength up to 7 days is fast and beyond 7days the 
strength gain is in slow phase. 


Table 1 Compressive strength of cement mortar with and without nanosilica 


Percentage Average Compressive strength 
S.No | addition of (MPa) 
Nanosilica 3days | 7 days 28 days 


1 Control mix 25.46 | 31.065 34.335 
2 1.0% 27.94 | 34.335 36.624 
3 1.5% 30.55 | 36.297 42.837 
4 2.0% 27.47 | 34.008 36.297 


From the above result it was found that the optimum percentage addition of 
nanosilica is 1.5% as a decrease in strength was observed with increase in 
percentage of nanosilica. The 3days, 7days and 28 days compressive strength values 
for 1.5% addition of nanosilica were found to be 30.55MPa, 36.297MPa and 
42.837MPa respectively. This shows that the increase in compressive strength due to 
addition of 1.5% nanosilica is 24.761% 
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Figure 6.Compressive strength of cement mortar with various percentage inclusion 
of nanosilica 
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The cement mortar comprises of cement and fine aggregate. When cement mortar is 
made by mixing cement with fine aggregate and compaction is done, the cement 
particles fill the voids between the fine aggregate. Cement acts as a binding material. 
When nanosilica is added to cement mortar, the particles fill the voids at nano level 
between the cement particles. Till an addition of 1.5% nanosilica there is strength 
gain as the particles completely fill the voids and make the mortar component dense 
and impermeable. On further addition of nanosilica which is filler material, it 
doesn’t contribute to any further increase in density or reduction in void ratio, 
porosity, impermeability, etc. but leads to reduction in binding of matrix by cement 
and therefore a decrease in strength is observed. 


5.2.2. Determination of Flexural strength: 


The average flexural strengths for four configurations are presented in 
Table 2 and Figure 7. The average flexural strength for the ferrocement specimens 
with and without nanosilica were determined at 3days, 7days and 28 days. 


Table2 Flexural Strength of ferrocement with and without nanosilica 


Percentage Average Flexural strength MPa 
S.No addition of 


nanosilica 3 days | 7 days 28 days 
1 Control mix 2.07 3.82 4.89 
2 1% 2.58 3.97 5.06 
3 1.5% 2.71 4.19 5.40 
4 2% 2.46 4.03 5.20 
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Figure7. Flexural strength of ferrocement specimens with various 
percentage inclusion of nanosilica 
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From the above results it was found that the optimum percentage addition of 
nanosilica is 1.5% as a decrease in strength was observed on increase in addition of 
nanosilica. The 3days, 7days and 28 days flexural strength values for 1.5% addition 
of nanosilica were found to be 2.71MPa, 4.19MPa and 5.40 MPa respectively. This 
shows that the increase in percentage of flexural strength due to addition of 1.5% 
nanosilica is 10.43%. 


5.2.3. Determination of Tensile strength: 


The average Tensile strengths for the four configurations are presented in Table 3 
and Figure 8. The average tensile strength of cement mortar with and without 
nanosilica were determined at 3days, 7days and 28 days. . 


Table 3 Tensile Strength of Ferro cement specimen with and without nanosilica 


Percentage Average Tensile strength (MPa) 
S.No addition of 
nanosilica 7Tdays | 28 days 


From the above results it was found that the optimum percentage addition of 
nanosilica is 1.5% as a decrease in strength was observed beyond this percentage 
addition of nanosilica. The 3days, 7days and 28 days tensile strength values for 
1.5% addition of nanosilica were found to be 2.51MPa, 3.87MPa and 4.98 MPa 
respectively. This shows that the increase in percentage of tensile strength due to 
addition of 1.5% nanosilica is 10.18 %. 
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Figure8. Tensile strength of ferrocement specimens with various percentage 
inclusion of nanosilica 


6. CONCLUSION: 


In this work, the enhancement in mechanical properties of ferrocement due to 
addition of 1%, 1.5% and 2% of nanosilica was investigated. The compressive 
strength, tensile strength and flexural strength of ferrocement with the above 
percentage additions of nanosilica were found at 3 days,7 days and 28 days and the 
following conclusions are drawn. The addition of 1.5% nanosilica by weight of 
cement was found to be the optimum dosage for improvement in the mechanical 
properties. As the percentage of nanosilica was increased above 1.5%, its effect on 
strength gain decreased. The increase in compressive strength due to addition of 
1.5% of nanosilica was found to be 24.76%. The increase in flexural strength was 
10.43% and tensile strength increase by 10.18% due to addition of 1.5% of 
nanosilica. Hence, the mechanical properties are highly influenced by the inclusion 
of nanosilica in cement mortar. 
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SUMMARY: Structural design of fibre-reinforced members should take into consideration fibre 
orientation since the residual properties of the material can be different as a function of the 
cracking plane position and inclination. Designers must be aware of the possible negative 
influence of fibre orientation and they may take advantages from its positive effect. Some 
international standards (i.e., fib Model Code 2010 and German standard DafStb) define a 
factor that should take into account the orientation effects. In this context, the present paper 
presents the results of an experimental program aimed at evaluating steel fibre orientation in 
RC beams. Three beams (0.15 m x 0.70 m x 4.10 m) were cast at Magnetti Building (Carvico, 

Italy) factory following the most common casting process adopted in practice by using 
vibrated and self-compacting concrete. 


KEY WORDS: Steel fibres, fibre orientation, RC beams, fibre reinforced concrete, vibrated 
concrete, self-compacting concrete. 
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1. INTRODUCTION 


The fib Model Code 2010 (2012) [1] (hereafter MC2010) takes into consideration 
the fibres orientation in the design of Fibre Reinforced Concrete (FRC) elements 
since this factor can significantly affect the material residual properties. In a similar 
way, German standard DadStb (2012) [2] underlines the importance to consider this 
influence by a specific factor, which varies from 0.5 to 1. This factor represents the 
different post-cracking performances present in a real structure due to a different 
fibre orientation, as compared to the ones obtained from standard tests (i.e., small 
beams according to EN 14651). Therefore, designers must be aware of the negative 
influence of fibre orientation but they may also take advantages from its positive 
effect. Many studies demonstrate that fibres are oriented in concrete and different 
factors can affect their orientation [3-5]. However, the value of this factor is not 
clearly defined by standards due to the lack of experiments on real elements. Its 
values also depend on several factors: wall effect, casting and compaction process, 
fibre stiffness, among others. In addition, in self-compacting fibre reinforced 
concrete (SCFRC) a significant flow effect was observed; consequently, the casting 
procedures can modify the orientation of fibres along the elements. Other important 
factors are the geometry of the elements, as the depth or the width, and its 
relationship with the fibre length; the type of fibres (steel, polymer, glass) can also 
affect their orientation [6-7]. This paper presents the results of an experimental study 
performed with the aim of defining orientation factors for the design of RC beams 
reinforced by steel fibres. In fact, it is still questionable the value of the orientation 
factor that should be adopted in the design of structural elements. The orientation of 
fibres in Vibrated (VFRC) and Self-Compacting FRC was studied in RC beams 15 
cm thick, 70 cm depth and 410 cm long. Based on this study, suitable orientation 
factors both for Serviceability Limit State (SLS) and Ultimate Limit State (ULS) 
verifications were provided. 


2. EXPERIMENTAL PROGRAM 
2.1. Materials 


Three RC beams (Figure 1), one in VFRC and two in SCFRC (varying the 
casting procedure), were cast incorporating the same volume fraction (0.64%) of 
steel fibres. A base-concrete mixture was adopted for batches of VFRC and SCFRC. 
This base-concrete mixture was characterised by 400 kg/m’ of Portland Cement 52.5 
R, 130 kg/m’ of filler, 670 kg/m? of sand, 440 kg/m? of washed sand, 610 kg/m? of 
gravel and a water/cement ratio of 0.43. Moreover, the same type and steel fibre 
content (50 kg/m’) were employed for both materials (i.e., VFRC and SCFRC). The 
characteristics of the fibres are the following: hooked-end shape, length (1;) of 50 
mm, diameter (o) of 1.05 mm, aspect ratio (Ip) of 48 and tensile strength of 1000 
MPa. Additionally, the amount of superplasticiser was varied in each concrete to 
obtain a good workability. VFRC showed a slump of 170 mm while SCFRC had a 
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slump flow of 700 mm + 20 mm. It should be noted that, aside from superplasticiser 
amount, all the other mix variables were kept constant. 


Longitudinal view Cross section 
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Figure 1. Reinforcement details and geometry of RC beams (measures in cm). 


2.2. Test details 


Three beams (15 x 70 x 410 cm), reinforced at the top with two rebars of diameter 
16 mm and at the bottom with two rebar of diameter 22 mm (Figure 1), were cast 
employing two different casting procedures. In addition, beams (i.e., 150 x 150 x 
600 mm), according to EN 14651 [8], were cast for FRC mechanical 
characterization and they are considered as Reference Specimens (RS) for VFRC, 
SCFRC and SCFRC-side, respectively. As already underlined, VFRC beam was 
compacted by external vibration, while SCFRC beams were made without any type 
of vibration. 


As previously mentioned, two casting procedures were adopted. The left and 
right casting procedure was carried out placing the bucket above the left edge of the 
formwork and moving the bucket from the left to right. Using this procedure, the 
beam in VFRC and one in SCFRC were cast (Figure 2). The remaining RC beam in 
SCFRC was cast with the bucket fixed above the left edge allowing the mix flowing 
freely up to a height of 65 cm approximately, then the beam was completed shifting 
the bucket from the left to right edge, as shown in Figure 3. The latter was named 
SCFRC-side. Once again, it should be underlined that VFRC beam was externally 
vibrated while no vibration was adopted in the case of SCFRC and SCFRC-side 
beams. 


After 28 days of ageing, the RC beams were sawn in order to evaluate their material 
mechanical characterisation in different directions, namely the vertical and 
horizontal ones. The RC beams was divided in several elements, as shown in Figure 
4: top elements 15 x 7 x 104 cm (TOP 1,2,3,4); bottom elements 15 x 7 x 104 cm 
(BOTTOM 1,2,3,4); twelve vertical and horizontal small beams of about 15 x 15 x 
55 cm. Consequently, the dimensions of the vertical and horizontal small beams, cut 
off from the RC beams, were chosen perfectly in accordance with EN 14651 [8]. 
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The cut of top and bottom elements was instead carried out for the purpose of 
understanding how the rebars could influence the fibre orientation. All small beams 
were notched prior to testing. 


Figure 2. Casting procedure adopted for VFRC and SCFRC beams. 


The last 5 cm in depth (around @16 rebars) were instead cast 
moving the bucket along the longitudinal axis of the beam. 
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Figure 4. Schema of vertical and horizontal small beams with specimen 
identification. 


Three-Point Bending Tests (3PBT) were carried out (according to EN 14651) to 


analyse the post-cracking behaviour of the vertical and horizontal small beams 
previously described. Since each full RC beam was characterised by twenty-four 
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small beams, the whole experimental program dealt with ninety small beams among 
vertical, horizontal and reference specimens. The limit of proportionality (f;), as 
well as the residual flexural tensile strength fp, fro, fr; and fra corresponding to a 
Crack Mouth Opening Displacement (CMOD) value of 0.5, 1.5, 2.5 and 3.5 mm, 
respectively, were measured. At the end of bending tests, the number of fibres on the 
fracture surface was also counted to determine the fibre density. 


3. EXPERIMENTAL RESULTS AND DISCUSSION 


Table 1 shows the mechanical properties of each FRC material in terms of mean 
values of cube compressive strength and post-cracking flexural tensile strength 
(measured on Reference Specimens (RS) according to EN 14651). The latter 
concern the limit of proportionality (f,) and the residual strengths fr; and fr; (the 
coefficients of variation (CV) are provided in brackets). As expected, vibrated 
concrete and self-compacting concretes have the same compressive strength (around 
60-65 MPa), respectively. Besides, the post-cracking response is almost similar in 
vibrated and self-compacting FRC even if VFRC and SCFRC/SCFRC-side are 
characterised by very different workability properties. 


Table 1. Mechanical properties of vibrated and self-compacting concretes. 


FRC Te cube te I RS Sri, RS Tr, RS 
[MPa] [MPa] [MPa] [MPa] [MPa] 
Ta 5.05 6.09. 6.29 
VERE 0.07) °° (08) ©.12) 0.15) 
72.0 6.76 6.96 6.39 
SEERE 0.02) °° (06) ©.08) (0.08) 
78.5 4.95 6.38 6.10 
SCERCSIde--. (ogays 82 16,09): 4G17)- 40:17) 


Figure 5 compares the stress-CMOD curves obtained from vertical and horizontal 
small beams sawn from VFRC, SCFRC and SCFRC-side full-beams. It is worth 
noting the variability on the post-cracking response of FRC, which is remarkably 
higher than that of the standard specimens (EN 14651). Analysing the results from 
VFRC beam, it can be appreciated that neither vertical nor horizontal small beams 
were able to reach the mean curve of Mean RS-VEFRC (in red continuous line). In 
fact, the mean curve for vertical small beams (i.e., Mean-V) is around 74% lower 
than Mean RS- VFRC while the reduction of the horizontal small beams (ie., 
Mean-H) is around 45%. A similar behaviour was found for SCFRC beam where the 
mean curves of the vertical and horizontal small beams are still under the Mean RS- 
SCFRC, showing a reduction of 64% and 25% (as compared to the reference 
specimens) for Mean-V and Mean-H, respectively. When referring to the SCFRC- 
side beam, the mean curve of the vertical small beams is still under the mean curve 
of the reference specimens (66% reduction compared to Mean RS- SCFRC-side) but 
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in the horizontal small beams the situation is much better since the mean curve 
differs roughly +10% from that of the reference specimens. Furthermore, for 
SCFRC-side beam, the performance in the post-cracking phase is better than in the 
reference specimens for 50% of the horizontal small beams. Therefore, for a given 
casting procedure, the fibre orientation in RC beams made of VC and SCC is not 
significantly different, while the fibre orientation becomes more evident when the 
casting position is mostly kept in one side of the beam and a significant concrete 


flow can be observed. 
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—Horizontal small beams 
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Figure 5. RC beam in VFRC (a), SCFRC (b) and SCFRC-side (c). 


The ratio between residual flexural strength of VFRC, SCFRC and SCFRC-side 
small beams (i.e., vertical and horizontal ones) and the residual strength of Mean 
RS, at 3.5 mm (fR3) of CMOD, are compared in Figure 6. The ratios are represented 


245 


EFFECTS OF FIBRE ORIENTATION ON THE BAHVIOUR OF RC BEAMS IN 7 
VIBRATED AND SELF-COMPACTING CONCRETE 


with cold colours for low ratios from 0.09 to 0.79, and warm colours for ratios 
between 0.80 and 1.47. Besides, the grey colour concern the parts that were not 
tested under 3 PBT. The contrast between cold and warm colours represents how 
fibres are oriented into the beams at different points. As already underlined, 
horizontal small beams have a better post-peak behaviour than vertical small ones, 
showing that fibres tend to be oriented in a horizontal plane instead of a vertical one. 
Figure 6 shows also the different fibre orientation observed in SCFRC-side beam, as 
compared to the other ones, evidencing the positive influence of both flow and wall 
effect. 


(b) 
SCFRC-side 


(c) 


J _r3/ fr3, Rs 
0.0 0.20.4 0.6 0.8 1.01214 16 
Figure 6. fp3/fp3, rs ratios in RC beams in VFRC (a), SCFRC (b) and SCFRC-side 


(c). 


In MC2010 (2012) [1] an orientation factor “K” is introduced to take into account 
the possible anisotropy of fibre distribution. This K is smaller than one for 
favourable effects or bigger than one for unfavourable effects. In this work, a step 
forward is made to include in K the effect of the manufacturing process and concrete 
rheology since this effect can change the post-cracking behaviour of FRC structural 
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members. Based on the previous results, orientation factors to better evaluate the 
crack control at Serviceability Limit State (SLS) and the bearing capacity at the 
Ultimate Limit State (ULS) were evaluated and the values are listed in Table 2. The 
proposed factors were calculated in different sections considering the depth of the 
neutral axis at both SLS and ULS. Figure 7 shows the case of SLS where the 
effective tension area of concrete (A,,) was adopted in order to quantify the 
contribution of the fibres, according to MC2010 (2012) [1]. At ULS, the part of the 
cross section in tension (thus cracked) was considered to take into account fibre 
contribution. Based on diagrams of the flexural residual strength versus fibre 
density, obtained in this research and reported in [9], fa; and fp; were found for 
VFRC, SCFRC and SCFRC-side members at the zones where fp; and fr3 were not 
available. 


Table 2: Orientation factors for crack control (SLS) and flexural (ULS) design of 
RC beams in VFRC, SCFRC and SCFRC-side. 


SLS ULS 
Beam Ksrs Kuts 
Positive moment Positive moment 
VFRC 1.1 1.6 
SCFRC 0.8 14 
SCFRC-side 0.7 0.8 


Positive bending moments were considered since this beam represents a web of a 
precast element simply supported at its ends. It can be observed in Table 2 that 
orientation factors are different between VFRC, SCFRC and SCFRC-side beams, 
due to the positive influence of flow and wall effects in SCFRC (especially at beam 
bottom) and SCFRC-side beams. 


However, future works should be carried out to analyse these factors also in the case 
of shear strength predictions. 


Figure 7. Areas (A...) considered to evaluate the orientation factor for crack 
control at SLS. 


4. CONCLUDING REMARKS 
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Orientation factors in RC beams made with vibrated (VFRC) and self-compacting 
(SCFRC/SCFRC-side) fibre reinforced concretes were experimentally studied. The 
following conclusions might be drawn: 


- For a given fibre amount, the post-cracking mechanical properties evaluated by 
three-point bending tests on notched beams (according to EN 14651) are similar 
between vibrated and self-compacting fibre reinforced concrete. 


- For a casting procedure characterized by the bucket in movement along the 
beam axis, the fibre orientation in RC beams made in VC and SCC is not 
significantly different (excluding the zones close to beam bottom), while the fibre 
orientation becomes pointedly different when the casting position is mostly kept in 
one side of the beams. This is due to wall and flow effects. 


- Orientation factors for the design at SLS (crack control) and ULS (flexural 
bearing capacity) of RC beams made of either vibrated or self-compacting concrete 
with 50 kg/m’ of steel fibres were provided. These factors are summarized in Table 
23 


Further studies will be carried out on the influence of fibre orientation on the shear 
behaviour of RC beams. 
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SUMMARY: Textile reinforced concrete (TRC) is a cementitious composite reinforced with 
multiple layers of fabrics. It presents elevated mechanical properties, thus showing a good 
potential to be employed as external strengthening for existing structures and for the 
construction of new elements. Due to the non-corrosive characteristic of the textiles, the TRC 
is an interesting alternative for steel reinforced concrete in elements that are more prone to 
suffer from corrosion. This work aims to study the mechanical behaviour of small beams 
made of carbon TRC. Two different textile reinforcement layouts were analysed. The results 
obtained from four-point bending tests showed that the beams presented the typical deflection 
hardening characteristic of the TRC. Furthermore, the experimental maximum bending 
moments were compared to theoretical ones. 


KEY WORDS: Textile reinforced concrete, carbon fabric, mechanical behaviour, structural 
elements. 
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1. INTRODUCTION 


Textile reinforced concrete (TRC) is a cementitious matrix composite reinforced 
with one or more layers of two- or three-dimensional fabrics [1]. These materials 
present elevated mechanical properties and load-bearing capacity, being suitable for 
external strengthening applications [2—4] and construction of new elements [5—7]. 


The mechanical behaviour of the TRC is influenced by the properties of the 
cementitious matrix and the textile reinforcement, and also by the bond between 
these two phases. A way to improve the bond between the fabrics and the 
cementitious matrix is impregnating the textile yarns [8-11]. Usually polymeric 
coatings are used. However, some delamination between the matrix and the textile 
layers may occur [11]. The addition of a sand layer over the fresh polymer can avoid 
this, and further increase the bond between the reinforcement and the matrix by 
creating a friction mechanism [10]. 


Due to the non-corrosive nature of the textile reinforcements [12,13], the TRC 
appears as a suitable alternative for the conventional steel reinforced concrete in the 
cases where the structural elements are more prone to suffer from corrosion, such as 
in marine environments. However, due to the lack of design recommendations and 
codes, the TRC is still not used regularly in the civil construction practice. 


This work aims to present a study on the mechanical behaviour of a short beam 
made of carbon textile reinforced concrete. Four-point bending tests with a span of 
1100 mm were performed. Two reinforcement configurations were analysed: one 
with textile reinforcement only in the longitudinal direction of the beam (B1) and the 
other with textile reinforcement in both longitudinal and transversal directions (B2). 
A self-compacting concrete with 2% (by volume) of dispersed steel fibres was used 
as matrix, and a carbon fabric with a coating of styrene-butadiene resin, developed 
by V.Fraas GmbH, was used as reinforcement. To improve the bond between the 
carbon fabric and the cementitious matrix, an additional coating made with epoxy 
resin and sand was applied to the fabrics. Additionally, the theoretical maximum 
bending moment was obtained through two different methods and compared to the 
experimental one. 


2. EXPERIMENTAL PROGRAM 
2.1. Materials 


A self-compacting concrete (SCC) with 2% (by volume) of dispersed steel fibers 
(SF) was used as cementitious matrix, with composition as presented in Table 1. The 
SCC had a water/cementitious materials ratio of 0.25. The hooked end steel fibers 
were supplied by Dramix® and presented 30 mm length, aspect ratio of 45 and 
tensile strength of 1270 MPa. The average compressive strength and elastic modulus 
at 28 days of the SCC-SF was 81 MPa and 35 GPa, respectively. 
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A carbon fabric developed by V.Fraas GmbH with a styrene butadiene resin as 
polymeric coating was used as primary reinforcement. With an opening mesh of 10 
x 8.5 mm (Figure 1.a), the fabric presents tensile strength of 1700 MPa and elastic 
modulus of 250 GPa. An additional coating made with epoxy resin Sikadur®-32 and 
sand was applied over the fabric (Figure 1.b) to enhance its bond with the concrete 
[14]. 


Table 1.Cementitious matrix composition. 


kg/m3 

Cement Type CP-V ARI 360 
Gravel (9.5 mm) 438 
River sand (0.850 mm) 100 
River sand (0.150 mm) 827 
Fly ash 168 
Silica fume 45 

Silica 325 70 

Water 166 
Superplasticizer 19.8 
Steel fiber 157 


(a) (b) 
Figure 1. Carbon fabric a) plain; b) with epoxy resin and sand coating. 


2.2. Composite manufacturing 


Two carbon textile reinforced concrete beams with 1200 x 150 x 150 mm (length x 
width x height) and a 25 mm notch in the mid-span were produced. The beam B1 
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presented only longitudinal textile reinforcement, while the beam B2 presented both 
longitudinal and transversal textile reinforcement. The longitudinal and transversal 
directions are related to the beam axis. The textile longitudinal reinforcement 
consisted of 2 layers of the carbon fabric with the additional epoxy resin and sand 
coating for both beams, resulting in a longitudinal textile reinforcement level of 
0.356%. 


The beam B1 was casted with a hand lay-up technique: (i) a thin layer of 30 mm of 
concrete was placed in the bottom of a wood mold; (ii) the first layer of the textile 
reinforcement was placed over it; (iii) a second layer of 30 mm of concrete was 
placed over the fabric; (iv) the second and final layer of the textile reinforcement 
was placed; (v) the mold was filled up with the concrete; (vi) the concrete was 
consolidated. Figure 2.a shows the process of the beam B1 casting. 


The beam B2 was casted similar to a conventional steel reinforced concrete beam, 
due to the presence of the transversal textile reinforcement. First, the reinforcement 
was assembled, as shown in Figure 2.b, and then it was positioned inside the wood 
mold. The concrete was poured over it and then consolidated. 


(b) 


Figure 2.a) Hand lay-up technique for the casting of the beam BI. b) Cross 
section of the textile layout of the beam B2. 
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2.3. Bending tests 


Four-point bending tests were performed to obtain the flexural behavior of the 
carbon textile reinforced concrete beams. The tests were conducted in an MTS 
servo-controlled hydraulic system with 500 kN capacity by a displacement control 
of 1mm/min. Two LVDTs were used to obtain the deflection at the mid-span of the 
beams. Figure 3 shows the setup used for the bending tests. Both support and load 
application rollers had free horizontal displacement. 


Figure 3.Setup for the 4-point bending tests. (Dimensions in mm) 


3. RESULTS AND DISCUSSION 


The load vs. displacement curves obtained from the bending tests are shown in 
Figure 4. Both beams presented multiple flexure cracks and a deflection hardening 
behaviour, which is consistent with the typical mechanical behaviour of TRC [15]. 
The beam B1 presented a shear and flexure failure. The crack that led to the element 
rupture was formed at one of the load application points, where both shear and 
bending stresses are maximum. The dispersed steel fibres contribute to the support 
of the tensile forces through diagonal cracks, enhancing the shear strength of 
concrete elements under flexure loadings. In beams without stirrups, they can lead to 
multiple diagonal cracking, enhancing the element ductility [16,17]. The beam B2 
presented a pure flexure failure. The difference in the failure mode indicates that the 
transversal textile reinforcement was able to support the shear stress that could not 
be withstood by the short dispersed steel fibres. 
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Figure 4. Load vs. displacement curves obtained from the bending tests. 


The maximum bending moments were theoretically obtained by using the Rilem 
Report 36 method (Minax,Rilem) [15] and the simplified Henager and Doherty’s model 
(Minax,H-p) [18]. The main difference between the models is that the first one does not 
consider the tensile strength of the concrete, which is enhanced by the addition of 
the short fibres. 


In the Rilem Report 36 method, the bending moment is obtained through Eq. 1. 


M max=ka, p+ Feu+ z (1) 

Fou = ki-k2-ko,a- Ate fi (2) 
bo 

7; (3) 


Where ky, is a factor that considers the effect of the beam curvature on the fabric; 
F.,, is the design tensile strength of the textile reinforcement; z is the inner level; k; 
is the factor for the textile efficiency; ky is the factor for biaxial loading; ky, is the 
factor for orientation of the reinforcement; A, is the cross-sectional area of 
reinforcement in the beam; f; is the tensile strength of the reinforcement; and o,,,, iS 
the tensile strength of the reinforcement in the composite. Usually, z ~ 0.9d and d ~ 
0.9h, where d and h are the effective and full height of the element, respectively. In 
this work, k; was calculated as 0.79 (see below), and k2 and ky, was considered 1. 
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The factor ky, is obtained correlating the tensile strength of the textile reinforcement 
of specimens submitted to tensile and flexural loadings. For carbon fabrics, [15] 
recommends: 


ka, p =0.9+0.55- 0 (4) 


Where p is the beam longitudinal reinforcement ratio (0.356%). 


To obtain the tensile strength of the reinforcement in the composite (Gj,q,) the 
ultimate load obtained in the direct tensile test performed by [14] was divided by the 
cross-sectional area of reinforcement. For a composite with two layers of the SBR 
with the additional epoxy and sand coating carbon fabric, the maximum strength 
obtained was 32.8 MPa. The cross-sectional area of the reinforcement corresponds 
to the area of the longitudinal yarns inside the composite (9 longitudinalyarns/layer). 
According to the supplier, the yarns are made of 48k carbon filaments. The diameter 
of a carbon filament is considered approximately 7 pm. 


In the simplified Henager and Doherty’s model, the non-dimensional parameters k, 
and 4 are obtained from equilibrium conditions. 


PT 


5 
h Waa ©) 

_ M _ f ke) fer (lke) 
aT ee pA{os AS) & ; [1—(1— a) (6) 


Where M is the bending moment; f. and f.,, are the compressive and the residual 
tensile strength of the concrete, respectively; f, is the tensile strength of the textile 
reinforcement (1700 MPa); p, is the longitudinal textile reinforcement ratio 
(0.356%); 7 and A are coefficients for the parabola-rectangle diagram of the concrete 
compression zone. It was assumed 7 = / and A = 0.8. The residual tensile strength of 
concrete (f.,,) corresponds to the strength obtained for a crack opening of 2.5 mm in 
a 3-point bending test [19]. In this work, f.,,=0.88 MPa, as described in [20]. 


Table 2 presents the results of the maximum bending moments of the TRC beams 
obtained experimentally (Mimax,exp) and theoretically, using the Rilem Report 36 
method (Mmnax.Rilem) [15] and the simplified Henager and Doherty’s model (Minax.4-p) 
[18]. The small difference in the experimental and Rilem theoretical results for the 
beam B1 could indicate that this method is suitable for the maximum bending 
prediction. However, it is important to note that the beam B1 did not reach its 
maximum bending capacity since its failure was not a pure flexure rupture. 
Furthermore, the theoretical maximum bending capacity could be under-designed 
once that the concrete tensile strength is not considered. The beam B2 presented a 
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pure flexure failure, thus reaching its maximum bending capacity. For the beam B2, 
the difference between the experimental and the Rilem Report 36 model and the 
Henager and Doherty’s model results is 1.20 and 0.91, respectively. The lower 
difference of the second method indicates that this method seems to be more 
adequate for the prediction of TRC beams with the addition of short fibres. 


Table 2.Maximum bending moments for the TRC beams. 


Beam Plongitudinal (%) Mnax.exp (kNm) Monax.Rilem (kNm) Monax,H-D (kNm) 


Bl 0.356 14.6 14.3 18.8 


B2 0.356 17.2 14.3 18.8 


4. CONCLUSIONS 
The following conclusions can be draw from the present work: 


- The carbon TRC beams presented multiple flexure cracks and a deflection 
hardening behaviour. 


- The short dispersed steel fibres contributed to support part of the tensile 
stress through diagonal cracks. 


- The beam B1 presented a combined shear and flexure failure, indicating 
that in the volume fraction that they were added, the steel fibres were not 
able to fully support the shear stresses. 


- The beam B2 presented a pure flexure failure. The transversal textile 
reinforcement combined with the steel fibres was able to support the shear 
stresses. 


- The simplified Henager and Doherty’s model seems to be more adequate 
than the Rilem Report 36 method to design the flexural capacity of TRC 
beams with short dispersed fibres. This model considers the tensile strength 
of the concrete, which is not negligible due to the presence of the short 
fibres. 
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SUMMARY: TRC structures have been largely investigated and used in many applications. 
However, there is insufficient data to provide an adequate framework for long-term 
assessment of TRC elements subject to sustained loads. The main objective of the current 
research is to study the long-term behaviour of I-sections beams reinforced with carbon 
fabrics under sustained loading. Short- and long-term four-point bending tests were 
performed in two carbon-TRC beams. The influence of the fabric coatings, i. e. styrene 
butadiene resin (SBR) and an extra impregnation with sand-epoxy was explored in order to 
define their influence on flexural creep. All beams were subjected to sustained load for three 
months and their crack opening and mid span deflections were measured. 


KEY WORDS: Textile Reinforced Concrete (TRC), long-term behavior, Carbon textile, flexural 
creep. 
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1. INTRODUCTION 


Research on Textile Reinforced Concrete (TRC) has been extensively studied [1-4]. 
To investigate the long-term behavior in TRC, both durability and fatigue were 
analyzed [5] but little effort has been devoted to assessing the creep behavior in 
structural members. 


The flexural creep behavior comprehension is essential to the design of load-bearing 
structural members such as concrete beams. This property can affect the 
serviceability of these components and their lifespan. When subjected to sustained 
loading, increases in deflections and crack width are likely to occur in TRC 
members. In addition, creep rupture may occur for higher stresses at constituent 
materials. 


Creep performance in beams is dependent on concrete, textile and interface 
properties, where the latter two have a stronger influence on the long-term 
displacements/strains at the tension zone. For the textile, the behavior is a function 
of its constituents, i.e., fiber and coating material [6]. For the interface, the 
performance is dependent on the compatibility between yarn and concrete, as well as 
on the presence of transverse yarns. This study aims to report the results of creep 
tests performed on structural TRC beams, contributing to the knowledge about the 
topic. 


2. EXPERIMENTAL PROGRAM 


Four carbon-TRC 2000 mm long beams were produced with I-sections measuring 
80 mm of flange width, 180 mm of depth and 12.5 mm of thickness for both web 
and flange (Figure 1). The mix design and casting process is described in [7]. A 
carbon fabric impregnated with SBR was used in two conditions: plain textile (SBR) 
and the manually impregnation of the textile with epoxy resin and sand (SND). Two 
beams for each condition were produced, one for short-term test and another for the 
long-term test. 


Figure 1 — Overview of the four-point bending setup and cross-section beam. 
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Short-term tests were conducted using a servo-controlled hydraulic actuator with 
load capacity of 500 kN under displacement control at a rate of | mm/min. The 
deflection was measured with a displacement transducer placed at the mid-span. In 
addition, a DIC technique was used to measure the crack width. Figure | shows an 
overview of the setup test. 


To perform long-term test, three steps were carried out: pre-cracking, sustained 
loading and residual strength. In the first step, the specimens were pre-cracked at the 
28 days at 4 KN with the same setup showed in Figure |. Subsequently, these beams 
were reloaded and subjected to a sustained load for the three months. The test 
configuration was based in a four-point bending configuration, with a constant 
moment region of 300 mm, as shown in Figure 2. The beams were kept in a room 
with controlled temperature (24 + 1.5° C) and humidity (55 + 5 %). The same 
service load of 4 kN was chosen for all specimens. The main objective was to 
analyze the behavior of the beams in the same serviceability load level. 


Figure 2 — Long-term test setup. 


The midspan deflection, compressive strain on the top of the beam and the crack 
opening were continuously monitored during test. It is important to note that only 
the maximum crack width obtained in pre-cracking process was monitored along the 
long-term test. All comparisons made throughout this article refer to the widest 
crack (Wimax) In both tests. The test lasted 90 days. DIC technique was used during 
unloading to analyze the crack closure and capture the new cracks formation. After 
unloading, the beams were kept in the test setup for another 10 days and the 
deflection recovery was monitored during this time. Finally, the specimens were 
subjected to a complete four-point bending test at the same configuration described 
for the short-term test until failure. The residual strength was later analyzed. 


3. RESULTS AND DISCUSSIONS 
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Table 1 summarizes the main properties obtained in the tests and the Figure 3 shows 
the load-deflection curve of the short and long-term test for SBR (Figure 3a) and 
SND (Figure 3b). For the long-term test, the results obtained throughout the three 
steps adopted in process (pre-cracking, sustained loading and residual strength) are 
plotted. The sustained load of the 4 kN subjected the SBR and SND beams to 30% 
and 25% of the ultimate load (F,,) obtained in quasi-static test, respectively. 


Table 1 — Parameters of interest for short- and long-term test. 


Test 


Quasi-static 


Pre- 
cracking 


Long-term Sustained 


Loading 


Residual 
Strength 


Parameter 
First crack load - F,, (KN) 
Ultimate load - Fu (kN) 
Ultimate deflection - dp, (mm) 
Crack width at 4. KN - Waxy (mm) 
Ultimate crack width - wp, (mm) 
Number of the cracks at 4kKN - naw 
Number of the cracks at F, - npy 
First crack load - F,, (KN) 
Deflection at 4 kKN- 54. (mm) 
Crack width at 4 kN - wan (mm) 
Number of the cracks at 4kKN - nan 
Immediate deflection - 6; (mm) 
Deflection at 90 days - do9 (mm) 
Creep coefficient at 30 days - @39 
Creep coefficient at 60 days - @6o 
Creep coefficient at 90 days - @oo 
Immediate recovery - r; (mm) 


Crack width at 90 days - Wo9 (mm) 


Number of the cracks at 90 days - nog 


Residual load - F,,., (kN) 
Fres / F, 


Deflection at F,., - Spyes (mmm) 
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Crack width at F,., - Wrres (mm) 2.562 0.190 


Number of cracks at Fy. - Np ;es 2 24 


25 25 


20 20 


= 
oO 


Deflection (mm) 


Deflection (mm) 


Pre-cracking 5 Pre-cracking 
- Sustained loading 
Residual strength 


- Sustained loading 
Residual strength 


Quasi-static Quasi-static 


0 10 20 30 40 0 10 20 30 40 
Load (kN) Load (kN) 


(a) (b) 
Figure 3. Quasi-static and Long-term results for (a) SBR and (b) SND. 


Comparing both beams, slight differences were observed during the uncracked stage 
for short-term tests. However, the cracked stage was significantly different. The 
effectiveness of the sand-epoxy treatment was observed and SND specimen 
exhibited a higher capacity. On the other hand, as expected, SBR-impregnated 
carbon fiber composites presented lower bending capacity and higher crack width, 
as previously reported by [7]. 


Comparing the short-term test and the pre-cracking for the long-term test, there was 
an increase in the first crack load (F,,) of 74% and 108% for SBR and SND beams, 
respectively, despite their good agreement on the elastic stage. Observing the DIC 
analysis (Figure 4) for the same loading stage (4 kN) in the tests, it is possible to 
notice that SBR beam opened three cracks in quasi-static test (Figure 4a) while a 
single crack formed for the pre-cracking process (Figure 4c) at this load level. SND 
beam showed a similar behavior, yet with two cracks in the pre-cracking stage 
(Figure 4c). For the SND beam there was a quick crack after the appearance of the 
first crack. This behavior also explains the difference between the maximum crack 
opening in the tests for the same loading level (Table 1). 


Over the sustained loading period (90 days), the number of cracks of the SBR beam 
remained the same (Figure 4d) and only crack growth was observed. The crack 
width in this period for SBR beam was 2.12 mm having an increase of 98% 
regarding the maximum crack width obtained in pre-cracking process. This opening 
is 92.7% greater than the maximum crack width obtained in quasi-static test for the 
same specimen at ultimate load. For the beam with sand-impregnation, only one 
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crack formed in pre-cracking process as well (Figure 4c). However, the number of 
cracks increased to twelve under sustained loading (Figure 4d). Over the sustained 
loading period, the crack width of the SND beam increased 20% in comparison to 
the crack in pre-cracking where the maximum crack due to creep was of the 0.12 
mm. This also confirms the treatment efficiency in terms of crack opening. 


SBR SND 


(b) Fy 


(c) Pre-cracking (F4,n) 


(d) Unloading 


(e) Residual strength (F,,.) 
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Figure 4 — DIC analysis for short-term test - (a) at 4 KN; (b) ultimate load; and long- 
term test - (c) pre-cracking; (d) unloading; (e) ultimate load. 


As expected, there was no loss in the load capacity of the carbon-TRC beams after 
the sustained loading period. A slight increase on the stiffness of the SBR beam was 
observed (Figure 3b) with a 3% increment in the ultimate load. On the other hand, 
there was a more pronounced difference for the SND beam with an increase of 32% 
in the load capacity and a relevant stiffness gain before the sustained loading period. 
In addition, the number of cracks in the residual load (F,.,) has doubled in 
comparison to the quasi-static test (Figure 4e). The behavior of this beam in all the 
tests carried out in the long-term test is consistent, since the beam has already shown 
signs of improvement in the adhesion between the materials at the pre-cracking 
stage. The improvement in load capacity may be related to the behavior at the 
interface of the sand-impregnated textile and the. For a full comprehension of this 
phenomenon, it is necessary to understand the individual responses of the 
cementitious matrix, filaments, fiber-matrix interface and _filament-filament 
interaction for sustained load [20]. 


Figure 5 shows the deflection over the time in the sustained loading period. Table 1 
lists the required parameters for a better understanding of the creep behavior: 
immediate deflection (5;) and recovery (1;), creep coefficient with the time (Q; = 
6,/6;), deflection in different time (6;). In terms of immediate deflection, the beams 
presented the small difference between them (6.2%) of 3.77 mm and 3.55 mm for 
the SBR and SND, respectively. However, when analyzing the creep coefficient at 
90 days (Qo), it is was possible to notice that the deflection of the SBR specimen 
had an increase of the 1.3 times over the test period. At 30 days, the midspan 
deflection has doubled (@39= 2.07). SND beam presented an increase of 0.61 times 
at 90 days being more efficient for controlling both cracks and deflections under 
sustained loading. The unloading process occurred after 90 days and the immediate 
recovery (r;) was recorded (Figure 5). The creep deflection development over the 
sustained loading period could not be fully recovered and a little amount was 
retained. Overall, the immediate recovery is smaller than the immediate deflection. 
The r,; of the beams was of the 0.40 mm and 0.51 mm for SBR and SND, 
respectively. 


The sand-treatment was able to reduce in 34% the flexural creep deflection (S99) in 
comparison to the SBR beam, with do9 of the 5.72 mm and 8.67, respectively. 
According to the fib Model Code 2010 [8], the deflection for reinforced concrete 
structural elements must be less than L/250 in the serviceability limit state where L 
is equal to 1800 mm for I-section beams. Therefore, the maximum displacement 
allowed by standard at service would be 7.2 mm for the beams investigated. Under 
sustained service loading analyzed in this study, the beam reinforced with plain SBR 
textile did not comply with the requirements presented in the standard for the service 
limit state (SLS). However, as previously mentioned, the impregnation with epoxy 
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and sand was efficient to control the mid-span deflection under sustained service 
load within in the Model Code 2010 [8]. 
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Figure 5. Deflection vs Time curves. 


3. CONCLUSIONS 


To investigate long-term behavior of the carbon-TRC beams, short- and long-term 
bending tests were performed in two carbon fabric conditions, plain textile and with 
sand-impregnation. The load level for pre-cracking and long-term tests was 
determined based on the serviceability limit state (SLS). 


Results for plain SBR-impregnated carbon fiber textiles were compared to those 
additionally treated with sand-coating, to overcome the poor adhesion properties of 
the former. The effectiveness of the treatment was also confirmed by the smaller 
displacement and crack width compared to plain textile over time. In addition, the 
number of the cracks increased considerably for the specimens with extra 
impregnation, evidencing the improvement in adhesion. 


SBR-coating fabrics as reinforcement in structural members subjected to bending 
may be limited due to the excessive displacement under sustained service load. The 
use of a sand-impregnation improved this behavior, reducing the displacement and 
becoming-smaller than the allowed value in standards. 


No loss in beam strength occurred for the two beams. In the case of the beam with 
sand impregnation, there was an increase in load bearing capacity that could be 
associated to the better positioning of the textile in the formwork and the 
improvement in the materials interface, confirming preliminary considerations. 
More studies need to be carried out to better understand the behavior of the textile- 
matrix interface over time. 
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SUMMARY: The material and energy costs of building structures can be reduced through an 
optimized reinforcement design, optimization of the external form in the sense of a shell 
construction, and through topology optimization - i.e., improvement of the internal component 
structure. In addition, embedding renewable energy technologies can reduce the 
environmental impact during the use phase. A new way of embedding renewable technologies 
into optimized, textile reinforced concrete structures will be presented including the design 
concept, the production concept and a joint system. Some aspects of the structural behaviour 
of TRC slabs with cavities like bending behaviour, shear capacity and pull-out behaviour of 
the anchorage will be outlined. 


KEY WORDS: Carbon reinforced concrete, energy storage, multifunctionality, optimization, 
topology 


1. INTRODUCTION 


Buildings are primarily erected to protect their users from environmental impacts. In 
addition, buildings serve to supply their inhabitants with heat and electricity. For an 
optimized building part design — in terms of material reduction, space saving, and 
economic viability — all functions must be considered equally. For a new slab 
design, four optimization approaches were pursued and combined: i) Use of textile 
reinforced concrete (TRC) allows reduced concrete covers and therewith the 
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production of thin concrete elements. ii) Through the integration of cavities into 
TRC slabs further material savings can be generated without losing the structural 
integrity. iii) The structural flexibility of the textile reinforcement allows an 
optimized positioning of the reinforcement that leads to savings of the reinforcement 
material. Furthermore the flexibility enables the production of single or double 
curved, reinforced shell structures which is an efficient way of saving resources. iv) 
A high degree of prefabrication minimizes the planning risks through a highly 
automated and weather independent production. By integrating renewable energy 
technologies — like photovoltaics, electrical energy storage, capillary systems - into 
the prefabrication process, the advantages of prefabrication (shown in [11]) shall be 
extended to increase the ecologic benefits of renewable energy technologies and 
reduce the energy demand of buildings during its use phase. In the following, a 
concept to combine all these four approaches is presented. 


2. DESIGN AND PRODUCTION APPROACH OF AN OPTIMIZED, 
MULTIFUNCTIONAL SLAB 


2.1 Integration of functionalities into TRC slabs 


In order to successfully embed functional components e.g. ESDs in TRC slabs, 
fundamental design criteria must be fulfilled. This includes an easy maintenance 
and, if necessary, interchangeability of sensitive components. Interchangeability can 
be realized at building level, building part level or component level. In the case of 
sensitive functional components, direct interchangeability should be sought, while 
less sensitive functional components can be permanently integrated into replaceable 
building parts or permanently integrated into the building structure. This design 
criteria was fulfilled through a design that enables the interchangeability of single 
functional units like ESDs and PV, whereas robust infrastructure like cables and 
capillary systems were fully embedded into the concrete matrix of the slab (Figure 
1). The slab was further designed in regard of load-bearing capacity, initial cracking 
behavior and storage volume as presented in detail in [12]. 


Cavities on the backside of the slab are provided for functional integration (Figure 
1), e.g. can be filled with storage material. Threaded sleeves with an anchor plate are 
fully embedded in the slab. Newly developed anchoring systems [2] or already 
existing anchoring systems like the HALFN FPA-5-SL30 can be attached to the 
sleeves for easy mounting and dismounting of single slab elements if needed. 
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Figure 1 Slab with cavities for the embedment of functional elements ; left : 
backside ; right : frontside 


2.2 Structural optimization 


The concrete cover of carbon reinforcement — normally needed to protect steel 
reinforcement against corrosion — can be reduced to several millimeter which leads 
to thin-walled elements. The thickness of a steal reinforced concrete facade of 8-10 
cm can be reduced to 3 cm thickness [6] leading to massive reduction of global 
warming potential (GHG) [9, 10]. The reduced element thickness however, leads to 
a decreased effective high respectively increased deflection. The increased 
deflection and low embedding height further leads to low anchoring forces, why 
conventional anchorage systems — designed for thick steel reinforced slabs — cannot 
be used. Through the embedment of cavities a cassette structure is created that leads 
to a higher section modulus and higher effective height with the same amount of 
material (Figure 2). E.g. for the investigated geometry a thickness of 4.5cm is 
obtained, using the amount of material of a 3cm solid slab. Anchoring and bending 
behavior is improved compared to a massive TRC slab. The structure was chosen 
considering not only structural but also interchangeability and storage volume. 
Design selection and the investigation of further geometries is shown in [12]. The 
plastic structure (hereafter referred to as semi-finished-product, SFP) can be filled 
with electric storage material as shown in [8], acting as structure-forming formwork 
and battery housing at the same time [12]. 


Figure 2 Cross section of the TRC slab with integrated cavities 


By optimizing the reinforcement guidance, the structural-mechanical behavior of the 
slab can be improved or reinforcement material can be saved. Due to the flexible 
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textile reinforcement and special joints between the SFP and the reinforcement, it is 
possible to change the direction of the reinforcement at any place within the slab and 
fixing its position until concreting (Figure 3, left). Further material can be saved by 
adapting the outer shape of the slab. The SFP was designed in such a way, that it 
follows single or double curved shapes (Figure 3, right). 


7 


Figure 3 Plastic structure as semi-finished part; left: used for variable yarn 
placement (picture : Hildrun Werchan, TU Dresden); right: for double curved slabs 
(design : Iurii Vakaliuk, TU Dresden) 


2.3 Integration of functionalities into the precast production process 


To enable innovative products enter the market successfully, an economically viable 
and competitive production must be offered. At the same time, initial investment 
costs needs to be low to empower also small and medium sized precast companies to 
produce material reduced, functional TRC elements. Through the use of a centrally 
produced semi-finished part (SFP) (Figure 4) investment costs for the precaster shall 
be kept low. The semi-finished element was designed in such a way, that it already 
includes the reinforcement positioning, functional elements like ESDs, anchoring 
devices and the needed infrastructure like cables and capillary systems. The SFP is 
placed on the formwork by the precast element manufacturer and concreted out. 


Figure 4 Semi finished part with embedded cable and anchor plate 
(picture : Stefan Groeschel, TU Dresden) 
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3. STRUCTURAL BEHAVIOUR OF THE DESIGNED SLAB 
3.1 Material and Geometry 


As most energy-efficiency investments going into envelopes, the developed design 
will be projected to the application scenario ventilated curtain wall. The investigated 
slab had two layers of carbon textile reinforcement of the type SIT-grid041 KK 
(producer: Wilhelm Kneitz Solutions in Textile GmbH). One layer had a mesh size 
of 25.4 mm (70.51 mm?/m). Between the cavities the mesh size was increased to 
76.2mm (23,53 mm?/m) to comply with the cavity order. The slabs cavities had a 
diameter of 6cm, a depth of 3 cm and distance of 76,2cm . Both textiles had an 
average tensile strength of 3011.4 N/mm? [12]. 


3.2 Bending behavior 


Considering the application as fagade slab, bending moments are to be expected in 
both directions. The narrow pressure zone of high-strength concrete and the selected 
cavity depth leaves the pressure zone undisturbed, avoiding notch tensions, so that 
the load bearing behavior can be modeled with conventional bending dimensioning 
(e.g. [5]) taking into account the reduced cross section. Bending tests and values for 
the initial crack load were already presented in [12] support this thesis. 


3.3 Shear crack behavior 


The investigation of the shear capacity of TRC slabs without shear reinforcement 
has already been subject of investigations [3 ,4], whereas there are no models for 
TRC with cavities. Furthermore there are models for the description of hollow core 
slabs [1] using reduction factors. For a first estimation of the reduction factor an 
experiment-based study with low parameter variation was carried out. Figure 5 
shows the test setup and dimensions of the investigated specimens, resulting in a 
shear slenderness of 3.95. The shear slenderness describes the ratio of the distance 
between support and load introduction to the static effective height. The supports are 
two roller bearings with a span of 30cm. The load is applied in the center of the slab 
from above, also via a roller. The cavities were inserted on the underside. Three 
plates each with and without cavities were tested. 


The concrete had a compressive strength fim of 76.3 N/mm? — and flexural 
strength fun, of 9.9 N/mm? (average of 3 specimens). To provoke a shear force 
failure of the thin TRC slab at reasonable slenderness, even without cavities, the 
textile between the cavities was doubled, leading to an absolute cross section of 
0.148 cm? with a static height of d = 3.97 cm (measured average of 6 slabs). 
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Figure 5: Setup and results of the three-point bending test 


Results are presented in Figure 5, the failure pattern can be seen in Figure 6. Two of 
the three specimen without cavities failed on shear, one specimen had a failure mode 
showing a fracture of the reinforcement. According to the model from section 3.2, 
bending failure was expected at 27 kN. By contrast, all the specimen with cavities 
showed a clear failure on shear compression, with a failure crack crossing the 
cavities. The reduction of the cross-section (by 45%) due to the arrangement of 
cavities reduces the load-bearing capacity on average from 22.9kN to 15.2kN 
(33%). Whether this reduction factor can be transferred to other geometries, shear 
slenderness and non-metallic reinforcements must be verified in an advanced 
parameter studies. 


Figure 6 Cracks after failure at three-point bending test; left: slab without 
cavities; right: slab with cavities (pictures : Hildrun Werchan, TU Dresden) 
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3.4 Investigation of the anchoring system 


With the objective to determine the anchoring capacity of the threaded sleeves, pull- 
out tests, oblique tensile tests and punching tests were carried out. It was found in 
preliminary tests, that the arrangement of the sleeves in close vicinity of the cavities 
significantly reduce the load-bearing capacity. In the presented tests, therefore, an 
area of 2 x 3 cavities is left free per anchor, in which the anchoring element is 
installed centrally. The anchor was placed on the side of the cavities. The concrete 
compressive strength was determined to 79.1 N/mm? (tested on three specimen at 10 
x 10 X 10cm’). 


The pull-out test consisted of the specimen with 50 X 31 X 4.3cm (Figure 7), a 
support with a span of 30cm and a central load application. The punching test 
consisted of the specimen with the dimension 50 X 31 X 4.3cm3, a support with a 
span of 30cm and a central load application (Figure 8). Both tests included three test 
specimens (A-1, A-2, A-3 and B-1, B-2, B-3) with and three test specimens (A-4, A- 
5, A-6 and B-4, B-5, B-6) without supplementary reinforcement. The supplementary 
reinforcement had a size of 22 X 14cm? and mesh size of 25,4cm, which fits in 
between the cavities, and was placed around the sleeve directly on the reinforcement 
(Figure 7). The oblique tensile test consist of specimen with the dimension 64 cm X 
41 xX 4.3 cm3, a support with a span of 60cm and load application at an angle of 45 
degrees (Figure 8). Three specimen (C-1, C-2, C-3) were with and three (C-4, C-5, 
C-6) without supplementary reinforcement, whereas C-3 and C-6 had no cavities. 


Table 1 Test results of the anchorage system 


Plate name Supplementary Maximum Failure 
reinforcement Force [kN] mode 
A-1 Yes 13.5 Anchor 
A-2 Yes 12.7 Anchor 
Pull-out Ene Yes 13.5 Anchor 
A4 No 11.6 Anchor 
A-5 No 11.2 Anchor 
A-6 No 11.5 Anchor 
B-1 Yes 29.7 Shear 
B-2 Yes 31.2 Shear 
Punching B-3 Yes 32.9 Shear 
B-4 No 30.0 Shear 
B-5 No 29.3 Shear 
B-6 No 36.3 Anchor 
Cl No 11.9 Anchor 
bli ce No 9.5 Anchor 
eee i C-3 No (no cavities) 11.0 Anchor 
C-4 Yes 12.3 Anchor 
C-5 Yes 13.4 Anchor 
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Figure 7 Formwork of the test specimen; left: oblique tensile test with 
supplementary reinforcement; right: punching and pull-out test 


Results are presented in Table 1. All anchors at the pull-out test failed due to 
concrete breakout. After the initial crack (on average at 5KN), a significant increase 
of load was still observed. The pull-out conus of the anchor didn’t interact with the 
cavities. The break-out force could be increased through a supplementary 
reinforcement from 11.42kN to 13.5kN (14%). 


The failure pattern of the oblique tensile test showing an asymmetric breakout cone. 
For the specimen with cavities (C-1, C-2, C-4, C-5) an average initial cracking load 
of 2.6kKN (4.8kN for C-3 and C-6) was observed with a significantly increase of load 
until brake out. The break out force of C-3 (without cavities) didn’t exceed the break 
out force of C-1 and C-2 (without cavities), showing that the anchorage doesn’t 
interact with the cavities. Through the supplementary reinforcement the maximum 
force could be increased from 10.7kN to 12.85kN (17%). However this also 
increased the size of the break out cone, now interacting with the surrounding 
cavities. The specimen without cavities therefore showed increased maximum load 
of 16% compared with specimen without cavities. 


The push-out force was initially calculated with the model presented in [7] to be at 
26.58 kN. This calculated break-out force was exceeded, so that a shear failure of 
the slab occurred. Only slab C-6 showed a break out cone at 36 KN. Through the 
experiments it was shown, that the push-out resistance of the anchor exceeds 
31.6 kN (average of all 6 specimen). 


Figure 8 Test configuration for anchoring testing; left: oblique tensile test; 
middle: pull-out test; right: punching test 
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Figure 9 Anchor failure pattern; left: oblique tensile test; middle: pull-out; 
right: punching test 


4 CONCLUSION 


Within the paper a concept was presented that has the potential to join different 
strategies of structural optimization in a single building part. For the specific use 
scenario “facade panel” the structural integrity could be validated. 


On the base of the presented concepts and investigations, the economic and ecologic 
feasibility need to be elaborated. Models for the structural behavior of TRC with 
cavities need to be outlined to transfer the investigated geometry to other use 
scenarios and increase the adaption rate of structural optimized TRC building parts. 
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SUMMARY: Carbon fibre reinforced polymers (CFRP) are taking over the aerospace, automo- 
tive, construction and wind energy sector. The growing demand for CFRP leads to a growing 
mass of waste. Land filling and incineration are not effective and environmentally friendly 
routes for CFRP waste. Therefore, the aim of this research paper is to enhance the usage of 
recycled carbon fibres (rCF) from CFRP waste as short fibre reinforcement in concrete. rCF 
were treated with different dispersants and functional coatings to improve the distribution and 
adhesion in the concrete. 

Recycled carbon fibre reinforced concrete (rCFRC) specimens were prepared. These speci- 
mens consist of 0.5 vol.-% rCF with the length of 10-30 mm. 4-point bending test procedure 
was performed for the characterization of the specimens. 


KEY WORDS: fibre reinforced concrete, carbon fibre reinforced polymer, recycled carbon fibre 


1. INTRODUCTION 


Carbon Fiber Reinforced Polymers (CFRPs) have captured attention in numerous 
industries such as aerospace, automotive, the production of massive wind energy 
blades with high-efficiency rates, robust and lightweight pressure vessels or material 
efficient building structures with so-called “carbon concrete”. This demonstrates the 
potential to replace conventional materials like steel due to carbon fiber’s high 
strength-to-weight ratio, stiffness and high durability [1, 2]. 


The global demand for CFRP in 2018 was approximately 75.5 kt. It is predicted 
that this demand will reach 120.5 kt expected in 2022 [3]. The increasing demand for 
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SUMMARY: In Minas Gerais Brazil, since 1998, a Waste Water Treatment Plant has been built, 

composed of UASB reactors (Upflow Anaerobic Sludge Blanket Reactors) in modules for flow 
rates up to 30 L/s and efficiency average 80% removal of organic load.-This article presents a 

case study of repair and protection of ferrocement structure of a WWTP that after 18 years of 
operation, presented collapse of your upper slab. The study contemplates the diagnosis to detect 
anomalies, the reapir project, the choice of protective coating and waterproofing and 
monitoring with a survey of the real cost of the work. The study aimed to return Waste Water 
Treatment Plant requirements for strength, safety, durability and operational efficiency. 


KEY worDs: Ferrocement, recovery, protection, Waste Water Treatment Plant 


1. INTRODUCTION 


Ferrocement, in its literal definition in the Code Model edited by the International 
Ferrocement Society (IFS, 2001), is defined as follows: “Ferrocement is a type of 
reinforced concrete, commonly built with hydraulic cement mortar, reinforced with 
several layers of relatively thin diameter wire mesh. This screen can be metallic or 
another suitable material. The fineness of the mortar matrix and its composition must 
be compatible with the braiding and the openings of the structural mesh system, 
making it possible to involve it with the cement mass. The matrix may contain staple 
fibers”. 
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The Ferrocement Waste Water Treatment Plant was developed from research on the 
state of the art of applying this technology throughout Brazil and worldwide. The 
hydrosanitary project applied to the treatment of domestic sewage with a UASB 
reactor follows the parameters of the literature, in particular recommended by 
Chernicharo (1997, 2007), such as: hydraulic detention time; volumetric organic load; 
upward flow velocity; reactor dimensions; effluent distribution system; surface 
application rate in the decanter; hydraulic holding time in the decanter; checking the 
speed in the passages of the three-phase separator; speed in the openings for the 
decanter; estimation of treatment efficiency; sludge production, sampling and 
removal; production and collection of biogas; verification of biogas release rates; and, 
foam removal system. 


The UASB reactor was first developed and applied in the Netherlands. The process 
consists of an ascending flow of sewage through a dense sludge bed of high activity. 
In the internal part, there is a device called a three-phase separator, which aims at 
separating the generated gases (biogas), the sludge, and the liquid effluent. At the top 
is the decanter with the effluent outlet, and the gas and scum chamber. It is today one 
of the most used reactors for the treatment of domestic sewage. It stands out for its 
simplicity and the lack of filling material and sophisticated equipment. 


Since 1998, UASB ferrocement reactors have been built in the WWTPs in Minas 
Gerais, Brazil, with more than 50 units installed, in modules, with a flow rate of up to 
30 L/s. This success is attributed to the fact that the construction and operation are 
simple, with low cost of implantation, in comparison to reinforced concrete structures, 
and the efficiency of the treatment, an average of 80% of removal of the organic load. 
However, in UASB reactors, the cover dome and other parts that are in contact with 
the gases have high corrosion rates. 


The technique of UASB reactors in ferrocement expands with dozens of units built 
according to a survey carried out by Lapa (2014) (FIG. 1). 
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Figure 1 — Spatial distribution of works in ferrocement in the State of Minas 
Gerais, Brazil, bp COPASA MG regionals, in government programs, from 2003 to 
2010. Source: Lapa. COPASA, 2010. 


COPASA MG, seeking to solve the sewage treatment of small towns in the rural area 
of the State of Minas Gerais, developed the ferrocement projects (FIG. 2 and 3) of 
UASB reactor, based on the studies by CHERNICHARO (1997, 2007). The 
technology requires less area for settlement; low cost of implementation and 


simplified operation. 


(_——— 0 


Figure 3. UASB Reactor — 
Ferrocement — PARTIAL 
DETAIL — PLANT. 


Figure 2. UASB Reactor — Ferrocement — CUT. 
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This article contextualizes the construction of a Waste Water Treatment Plant using 
ferrocement by the Companhia de Saneamento de Minas Gerais - COPASA MG and 
presents a case study of corrosion, where the recovery and protection of the structure 
in ferrocement was carried out. 


2. OBJECTIVE 


The purpose of this article is to present a case study of recovery and protection of 
ferrocement structure used for the treatment of sanitary sewage, composed of two 
UASB reactors. 


3. METHODOLOGY 


The methodology used to carry out this work included the following activities: 
diagnosis, recovery project and monitoring of the work. 


3.1 Diagnosis 


Evaluation of the structures of the UASB reactors through visual inspection and non 
— destructive tests (END) to detect existing anomalies and analyze projects. 


3.1.1 — Characteristics of Existing Structures 


Two anaerobic reactors, built in ferrocement, in circular geometry, semi-buried, 
with an external diameter of approximately 10.00 meters and 4.60 meters of external 
height and 7.00 meters of internal height. The walls have a thickness that varies from 
3 to 8 cm. Internally, each UASB reactor has divisions used in the sewage treatment 
process and the roof slab is domed. In the roof slab there are entrance hatches for 
access to the interior of the reactor and for cleaning. The internal surface, notably the 
area in contact with the gases, is exposed to an environment with class of 
aggressiveness IV (very strong) according to NBR 6118: 2014 


The studies, at the time, focused on the production of biogas, a flammable gas of 
energy value. Bonifacio (2005), in his research, checked the components of biogas: 
75% methane (CH4); 25% carbon dioxide (CO) and other gases, such as hydrogen 
sulphide (H2S) by 0.3%. 


Confirming the importance of biogas production has the history of rural biodigesters 
in ferrocement for animal waste (ANDRADE et al, 1994). For waterproof coating for 
the internal area of the hood indicate: 


- Coating with chlorinated rubber base; 
- Polyurethane cover; 

- Epoxy paint; 

-  Asphalt-based coating. 


3.1.2 - Corrosion 


Corrosion problems on the underside of the roof slab begin to appear in concrete and 
ferrocement reactors and prompt a bibliographic search to detect the reasons. 


Chernicharo (1997, 2007) points to the formation of hydrogen sulphide gas, which in 
the gaseous atmosphere of the UASB reactor decanter, has the opposite production to 
the biogas collected from the same reactor. This gas reacts in the environment and 
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forms sulfuric acid that attacks the cement mortar, forming the late etringite, which 
disintegrates the structure (FIG. 3 and 4). 


Figure 3. Deterioration of mortar | Figure 4. Etringite needles, the result of 
subject to gas attack on the underside of | a sulfatic attack on concrete (Source: 


the reactor cover slab UASB (Source: | Silva; Pinheiro. IBRACON, 2005) 
Author). 


The bibliographic research clarified the biodeterioration of the concrete/ferrocement, 
with the formation of microorganisms, especially thiobassillo concretivorus and 
thiobacillo thioxidans, are aerobic bacteria that oxidize the sulfuric gas formed in the 
digestion of the sewage and turns it into biogenic sulfuric acid in its metabolic 


processes. pH lower than 0.7, causing great deterioration in the structures (FIG. 5 and 
6). 


Figure 5 — Structure with severe 
deterioration and loss of the cement 
and steel section. 


Figure 6 —- Thiobacillus type 
bacteria, seen in deteriorating 
structures. 


Source: Author. Source: Silva; Pinheiro. IBRACON, 


2005. 


3.2 Recovery Project 


COPASA, attentive to the problems detected, gathered a group of designers 
(BONIFACIO; QUINTAO; D'AVILA. 2015) and hired consultancy for diagnosis 


(Rel_Recoveryagaéo_ Arquivo 2013). Tests were carried out on the affected tanks and 
a solution scope was proposed. 
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3.2.1 — Characteristics of Existing Structures 


For analysis and dimensioning of the structure of the UASB reactor in ferro cement, 
the Finite Element Method (FEM) modeling was performed and the maximum 
circumferential membrane force (N@) of 16,772 kgf/m was found (FIG. 7). The detail of 
the typical transverse frame of the reactor wall is shown (FIG. 8). 


DETALHE 5 
Figure 7 -—- Reactor — Figure 8 Horizontal reinforcement 
Circumferential Membrane Force No of the reactor wall 


Source: FCO_ Reactor UASB Ferroc, Source: FCO_ Reactor UASB Ferroc, 
2018. 2018. 


3.2.2 — Visual inspection 


To identify and locate all visible pathological manifestations and register, the 
intensities and severities. 


Figure 9 — Detail of reinforcement Figure 10 -— Some points with 
exposed in a general way in the reactor | disruption of the steels. between the 
cover slab. wall and cover slab of the reactor. 
Source: Source: 

Rel _Recuperacéo_Arquivo_2013 Rel_Recuperagao_Arquivo_2013 


3.2.3 — Carbonation Depth Measurement 
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The results showed low advances in the carbonation front, with an average of 2.5 
mm in depth, proving that these are structural elements constructed of mortar of good 
quality and compactness. 


Figure 11 — Detail of sample Figure 12 -— Carrying out the 
extraction to perform the carbonation | carbonation front test. 
front test. 
Source: 
Rel_Recuperagao_Arquivo_2013 


Source: 
Rel_Recuperacao_Arquivo_2013 


3.2.4 — Surface resistance through sclerometry 


The values obtained are above the design specification, with compressive strength 
greater than 25 MPa, obtaining average results of 41 MPa. 


Figure 13 —- Execution of Figure 14 —- Execution of 
sclerometry on the reactor wall. sclerometry on the reactor wall. 
Source: Source: 
Rel_Recuperacao_Arquivo_2013 Rel_Recuperagao_Arquivo_2013 


3.3 Monitoring of the work 


- It started with the emptying and removal of sludge and cleaning with 
hydrojetting. 

- The roof slab was demolished and rebuilt according to the original 
design. 

- Exposed reinforcement and cracks were treated. 

- The internal surfaces received a crystallizing cementitious mineral 
coating and waterproofing to protect surfaces in contact with water. 
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The covering slab in contact with gases from anaerobic digestion coatings 
were researched: with  high-thickness polyurea systems; 
polyurea/polyurethane hybrids; adding an antimicrobial crystalline 
admixture to the reconstitution mortar followed by an internal layer of 
anti-acid geopolymer coating. For the Sewage Treatment Station under 
study, it was opted for the coating in vinyl ester resin reinforced with 
glass fiber (PRFV) applied to the ferrocement substrate. 

Fiberglass covers were made and installed; external painting with acrylic 


paint and pultruded fiberglass railing in the outline of the roof slab. 


4. RESULTS 
4.1 Sequency of the Work 


The services follow the one applied by Bonifacio et. al (2015), the following 


sequence: 


Opening a service Figure 2 — Removal of 
window. debris and sludge from the 
bottom 


Figure 5 — Mortar 


Figure 4 — application with vibrating 
Execution of the box (Wainshtok Rivas, 
reinforcement for 2009) 

ferrocement. 


Figure 3 — 50 cm 
scarification on the side of 
the reactor wall 


Figure 6 — Application 
of cementitious 

waterproofing on the 
submerged wall. 
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Figure 7 — PRFV Figure 8 — /nstallation Figure 9 — Jnstallation 
application in the gas | of FRP inspection window of guardrails and access 
chamber covers. stairs to the UASB reactor. 


Source: Author. 
4.2 Real Cost 


The construction cost of each UASB reactor in ferrocement for the Waste Water 
Treatment Plant was US$ 126,765 (BONIFACIO; QUINTAO; COELHO. 2020). 

The cost of recovery measured at the site of each UASB reactor was US$ 75,905, 
approximately 60% of the cost of implementing a new Sewage Treatment Station 
(BONIFACIO; QUINTAO; COELHO). 2020). 


5 CONCLUSIONS AND RECOMMENDATIONS 


The UASB reactor in ferrocement is a technology applied in Minas Gerais, Brazil, 
in cases where the structure needed repairs were carried out following the 
methodology described above. 

With this work, products for internal corrosion protection covered in vinyl ester 
resin reinforced with glass fiber became known, which will require monitoring of its 
efficiency as a protective element against ferrocement. 

It is of great importance the training of qualified workers in ferrocement and the 
monitoring and inspection of the work by professionals with the technical competence 
that guarantee the execution of the work according to the project. 
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SUMMARY: The performance of TRM retrofit solutions for damaged masonry structural elements 
is evaluated in this study using pull-out testing procedure recommended by the RILEM TC 250- 
CSM. The parametric analysis (textile/interface surface treatment/setup configuration) is 
designed to trigger different failure modes during testing and the damage progress is 
continuously and online tracked by an integrated monitoring system that combines the acoustic 
emission and digital image correlation techniques. Based on inspection outcome and the load- 
displacement curves obtained, it is evident that different damage modes occur simultaneously 
while the effect of boundary conditions and interface surface treatment is highlighted. 


KEY WORDS: Masonry retrofit, textile reinforced mortar, adhesion, detachment, pull-out, failure 
mode, digital image correlation, acoustic emission 


1. INTRODUCTION 


Masonry consists of the building-up construction of individual units, which are often 
laid and bound together by an assembling material such as mortar. Many decaying 
historical and modern structures around the world are built up in masonry that are in 
urgent need of repair. The effective conservation, repair and retrofit of masonry 
structures is a research topic that has attracted the scientific community since great 
efforts are focused on the design of TRM external layering [1]. TRM materials should 
be mechanically and physically compatible to the existing masonry structure but must 
also be reversible to ensure the structural integrity with respect to the aesthetic and 
structure’s historical identity. The bond between the individual constituent materials 
of TRM repaired masonry plays a critical role in the quality of the retrofit repair. 
Special attention should be placed on not just the overall performance of the TRM, 
but the evolution of debonding progress and ultimate failure mode. Several studies 
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were conducted to understand the bond behavior of TRM-masonry retrofit repairs and 
the failure mode [2-4]; however, the variety of experimental set-ups highlighted the 
need for an agreed upon testing protocol. RILEM TC 250-CSM provides guidelines 
for an accurate shear bond pull-out testing of the TRM-substrate to assess the 
materials’ structural performance and the final failure mode of the TRM on masonry 
[5]. These guidelines prescribe test set-up details such as boundary conditions, 
specimen dimensions, and recording methods. Researchers utilizing the RILEM 
guidelines have attempted to improve the understanding of damage progress of TRM 
retrofit repairs on masonry substrate through stress-displacement relationships [6-8]. 
However, the point at which the stress-transfer is fully established and debonding 
starts is not easily determined with this current approach. This highlights the 
importance of detecting the point of debonding, and the ability to track the damage 
progress throughout the experimental tests of TRM-masonry specimens. Due to the 
limitations of the test outcome and result variability, this study implements acoustic 
emission (AE) and digital image correlation (DIC) techniques to provide an integrated 
monitoring methodology that detects the onset and tracks the progress of damage 
progress of the TRM-masonry bond relation. Recent studies on damage evolution in 
masonry and concrete retrofit solutions have demonstrated the complimentary nature 
of AE and DIC results [9-11]. When used together, DIC supplies accurate strain 
development and damage localization on the surface (i.e. crack patterns), while AE 
collects acoustic activity from below the TRM surface that specifies the failure onset 
and characterizes the fracture mechanism. 


The aim of this study is to provide further understanding into the debonding behavior 
and materials’ interaction for TRM retrofit on masonry small-scale walls while 
following the RILEM guidelines. With the addition of continuous monitoring, 
provided by AE and DIC, it is possible to detect the instance of debonding of TRM- 
masonry pull-out tests which is otherwise not possible. With this novel approach it is 
now possible to track damage progress as early as the failure onset. 


2. MATERIALS AND METHODS 


Traditional red-clay bricks and cement-based mortar were chosen to construct 
masonry wall samples, while cement-based mortar with glass and carbon fibers were 
selected for the TRM layer. The experimental testing guideline and specimen 
preparation prescribed by RILEM were followed to evaluate the shear bond 
performance of retrofitted masonry. The AE experimental setup consisted of six 
narrow band 150 kHz resonant piezoelectric R15a Mistras AE sensors placed on the 
surface of the masonry and TRM retrofit layer. DIC utilized two high resolution 
cameras to provide a 3D stereoscopic vision. For the application of the technique, a 
randomized black-white speckled pattern was applied on the surface. 
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3. RESULTS 


A parametric study is designed to trigger a diversity of failure modes. This way the 
non-destructive monitoring methodology will be calibrated and tuned to provide an 
insightful view of the damage progress. 
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In Figure 1, the cases under study are enlisted, and the respective load-displacement 
curves are plotted. The x-axis shows the displacement evolution (mm), whereas the 
y-axis provides the load progress (KN). Additionally, the final failure mode is also 
given according to the RILEM guidelines. Under pull-out loading, the textiles slide 
and finally break with similar ultimate load for the TRM retrofit layers when glass 
textiles are used. In contrast, the carbon TRM retrofit layers fail due to textile 
detachment from the mortar with varying ultimate load. It is evident that the textile 
stiffness and strength control the failure of the retrofit layer, however, this does not 
affect the interfacial adhesion with the masonry. The interface surface treatment was 
proven to have no impact on the damage progress. As shown in Table 1, the samples 
of masonry that are smoothened to ensure good interfacial adhesion lead to TRM- 
substrate failure at higher loads and at greater extension. In both rough and smooth 
interfacial surface treatment though, the final failure mode is the same, i.e. textiles 
sliding and failure at the TRM failure. The confinement of the substrate under loading 
ensures that misalignments do not occur, and that only the TRM is axially pulled out. 
Only in this configuration, the textiles slide, and cracks are developed along the TRM 
layer. Inversely, the freely moving samples break due to textiles detachment from the 
mortar. 


This analysis provides little information into the onset and evolution of debonding in 
the TRM and final failure mechanism. This is especially true if there are multiple 
failure mechanisms involved throughout the pull-out test. As previously stated, the 
combination of AE and DIC has demonstrated effectiveness at revealing the 
debonding phenomenon throughout the pull-out tests. For example, interfacial 
debonding between the constituent materials is detected on the surface of the TRM 
layer by measuring out of plane displacement and strain changes throughout the pull- 
out tests. Furthermore, DIC is also able to track damage progress globally from textile 
sliding and rupture outside of the bonded TRM layer. Figure 2 below highlights the 
evidence of crack formation and evolution of a representative sample from the first 
instance of a crack to the ultimate failure of the sample. The change in vertical strain 
is tracked from the first instance of a crack forming, to the successive cracks, until 
ultimate failure. The ability to detect the formation of cracks is important in detecting 
evidence of debonding. Debonding evidence is found by evaluating the change in W- 
displacement (out-of-plane displacement) along the TRM surface. The final failure 
mode is then confirmed with visual confirmation. 
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Figure 2. DIC strain map and crack evolution for progressive debonding of TRM layer 


Simple AE information such as AE energy released and hits throughout the pull-out 
tests provides information that is confirmed with DIC. Ultimately, the key difference 
observed comparing AE information is more AE activity was recorded for the freely 
moving samples, which corresponds to failure by interfacial debonding. An example 
of a free moving sample, that experiences textile detachment from cement, is shown 
in Figure 3 with respective AE information. AE energy and hits released during load 
drops caused by debonding illustrates the ability to continuously track the debonding 
progress throughout the pull-out test. In addition, AE damage source localization was 
able to consider the complex nature of the TRM-masonry samples. The first AE 
localization approach considers information from all AE sensors placed on the 
masonry and TRM layer. The second approach considers only AE sensors placed 
along the TRM surface. This information provides 3D visualization of damage 
occurred in the TRM layer. Ultimately, the combination of both AE localization 
approaches, and DIC, allows for more accurate damage source tracking and 
localization compared to traditional approaches. 
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Figure 3: AE event localization along the TRM layer length (mm) 
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3. CONCLUSIONS 


These preliminary results illustrate the complexity that possesses the outcome of the 
TRM-substrate fracture analysis. The continuous inspection and damage tracking at 
the TRM-substrate interface, but also at the TRM external surface appear essential for 
understanding the dynamic relation built between the damage masonry and the 
external retrofit layering. In this direction, the conference presentation extensively 
discusses the DIC and AE results. Ongoing studies consider additional experimental 
set-up modifications to induce additional failure modes specified by RILEM. 
Currently, additional shear pull-out tests are being performed which consist of 
different mortar and textile combinations. Specifically, lime and lime-cement mortar 
combinations are being used to construct different combinations of TRM-masonry 
wall samples, and natural fibers are also selected for the reinforcement textile fiber. 


Much of the world’s unreinforced masonry structures that need repair experience 
different loading conditions and are exposed to different environmental exposure. 
Fatigue and incremental loading cases are being researched currently to simulate real 
life masonry loading conditions. Furthermore, a wide research topic consisting of 
durability and sustained compatibility between different combinations of materials are 
currently being considered for investigation of different historical masonry repair 
techniques. 
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SUMMARY: Reinforced concrete with steel bars is a traditional and widely used method, however 
steel bars are vulnerability to corrosion attack, which shortens the useful lifespan of the 
building. The recently emerged carbon-based Textile Reinforced Concrete (TRC) technology 
aims to limit this disadvantage, due to the corrosion resistivity of the carbon textile. This work 
focuses on the development of lightweight TRC elements made of carbon fabrics (without steel 
rebars) with non-regular shapes, based on the ability of the fabrics to conform to complex 
shapes and their resistivity to corrosion. Bending tests were performed on TRCs having truss- 
like shape, exploring ways of fabric mechanical anchoring within the beam. Load bearing 
capacity and the representative failure modes of those beams were explored. 


KEY WORDS: Carbon fabrics, Textile, Cement-based composites, Concrete, Truss. 
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1. INTRODUCTION 


In recent years, the principles of sustainable development and green buildings have 
penetrated the construction industry at an accelerated rate. Of particular importance 
in this regard is the concrete industry, as it can be engineered to satisfy almost any 
reasonable set of performance specifications, more so than any other material 
currently available, as well as due to its many other advantages [1][2]. 


Concrete is known to be a brittle material with low tensile load-bearing capacity. As 
such, reinforcement is required to compensate for these drawbacks, commonly with 
steel rebars (Steel Reinforced Concrete - SRC). SRC has historically displayed 
disadvantages in terms of durability and vulnerability to corrosion attack, which 
shortens the useful life cycle of the building and leads to an additional energy 
investment during maintenance and refurbishment. Moreover, due to the corrosion 
sensitivity of the steel reinforcement bars, these require a concrete protective layer 
which increases the thickness of the concrete elements, and thus leads to greater 
weights and a concrete consumption well above that required for structural 
performance alone. Therefore nowadays, new technological advances making use of 
non-traditional types or amounts of material and energy are required to meet the 
demand for a sustainable industry [3]. An innovative technology which has sprung 
from this notion is Textile-Reinforced Concrete (TRC), which is a combination of 
fine-grained concrete and textile fabrics (made of monofilaments or multifilament 
fibers). Research findings show that TRC significantly improves the tensile strength, 
ductility, and energy absorption capacity of the concrete element [4]. An important 
property of textile reinforcement is its high deformability, which allows the TRC 
composites to be readily adapted to complicated shapes to enable the production of 
concrete elements with complex geometries. 


In addition to its excellent mechanical properties, the use of TRC potentially reduces 
its self-weight, cost, energy consumption, and carbon dioxide (CO2) emissions, and 
it can be used to produce structures with modular and complex shapes while 
eliminating the risk of corrosion, thus facilitating many new applications [5]. 


Considering the above, the current work, which continues the path of previous 
research, examines the function of lightweight irregular truss-like shape concrete 
beams under bending loads, based on the ability of the fabrics to conform to complex 
shapes and their resistivity to corrosion. Three different mechanical anchoring 
patterns of carbon textile reinforcement within the beam were explored. 
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2. EXPERIMENTAL 
2.1. Materials 


Table 1 shows the fine-grained cement-based mixture with compression strength of 
80 MPa, that used to produce the TRC beams. The mixture was developed as self- 
consolidating concrete (SCC) to allow the concrete to penetrate through the fabric 
opening during casting and well filling of the truss-based mold. The TRC beams were 
reinforced with a two-dimensional warp knitted fabric made of multifilament carbon 
fibers with 800 tex, providing bundle cross-sectional area of 0.452 mm? in both warp 
and weft directions, which connected with a thin multifilament polyester yarn. The 
fabric mesh size was 8.0 X 7.2 mm (see Figure 1). Epoxy (EP520, two components 
epoxy resin; base and hardener with mix ratio of 3:10 (w/w) respectively) was used to 
coat the fabric. 


Table 1. Concrete mix design 


CEM I Sand Water Silica fume Superplasticizer w/e w/b 


(52.5) (0.6) gigs) (Elkem 920) (ENT 11) 
[kg/m?] [kg/m?] [kg/m?] [kg/m?] 
395 724 158 719 118.5 0.40 0.33 


polyester } 
loops 4 


Figure 1. The carbon fabric used after epoxy coating 


2.2. Specimen preparation 


For TRC casting, a detachable mold having a truss shape was design (shown in Figure 
2) and produced by a 3D printer. Using triangular-shaped parts printed in accordance 
with this mold, it was possible to create gaps within the beam having a truss shape, 
while taking into consideration the compressive and tensile elements (labeled in 
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Figure 2a) within the beam. The dimensions of the beam in cm and its final shape are 
shown in Figure 2. The depth dimension of the beam is 3 cm and the thickness of the 
various beam elements (labeled in Figure 2a), were calculated according to the loads 
they receive, (see Table 2). Since the TRC beam was calculated as a truss model, each 
truss-beam element needed to withstand tensile loads, the cross-sectional area 
required for its reinforcement was determined according to the distribution of the load 
acting on the beam. Table 2 shows the number of bundles that symmetrically 
reinforced each element (presented in Figure 2b). Prior TRC casting, the reinforcing 
fabrics were impregnated in epoxy resin to harden them according to the shape of the 
beam and to bind all bundle filaments together to improve the load bearing capacity 
of the reinforcement fabric. 


Figure 2. (a) detachable mold printed by 3D printer. (b)beam dimensions and its 
elements number. 


Table 1. Thickness of elements in mm and number of reinforcing bundles at each 
element (the elements are labeled in Figure 2b) 


Element No. 123° 4 5 6 7° 8'9 +> 10 11) 12 > 13) 14 


Element 3/3};4/4)4/45)4/]6/]4) 7 4 6 3 7 
Thickness [mm] 

Set 1 0 00 2'4' 0 0° 4° 3 0 0 6 1 0 

Set 2 2/;3/3/2)4)] 4 /0)4/3) 3 0 6 1 if 

Set 3 2,/;4/2/2)4)] 5 |}0)4/3) 3 0 6 1 2 


For TRC casting, the epoxy-hardened fabrics were first inserted into the beam mold 
and then the concrete was poured while gently vibrating the mold to ensure concrete 
mixture penetration into all the thin truss-beam elements and through the fabric 
opening. Then, the mold was placed under a polyethylene covering in a humid 
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environment to prevent dehydration cracks. After two days the concrete beam was 
demolded and placed in a saturated calcium hydroxide water bath at room temperature 
until testing at 28 days of age. Three sets of reinforcement shapes were tested 
providing different anchoring of the fabric within the beam (Figure 3). The amount of 
reinforcement and fabric anchorage at the bottom and truss elements of the beam was 
the same for all three tested sets. The reinforcement amount and shape at the upper 
region of the beam was differed at the three beam sets: (i) fabrics located only at the 
bottom of the beam without continuity to the upper elements (Figure 3a); (ii) 
additional of fabric anchoring at the top of the beam with continuity from element to 
element turned inward (Figure 3b); and (iii) same as (ii) but the fabric anchor is turned 
outward at the upper beam with additional reinforcement strip (Figure 3c). 


Figure 3. Anchoring simulation of the 3 tested beam sets (labeled by the black 
lines). (a) Minimal anchoring. (b) Top anchor turns inward. (c)Top anchor turns 
outward with additional reinforcement. 


2.3. Test methods 


2.3.1 Compression test 


Compressive strength (ASTM C109) was measured on 50 x 50 x 50 mm3 samples, 
using Control Automax5 machine with load rate of 500 KPa/sec. The average value 
of the test results of the various sets was 75 MPa. 
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2.3.2 Flexure test 


To examine the flexural bearing behavior, four-point bending tests were conducted so 
that pure bending is obtained in mid-span area, using an Instron machine (Figure 4) 
with a 100 KN load-cell capacity at a displacement rate of 0.5 mm/min. During the 
bending tests, load and mid-span deflection were measured. Concurrently, images 
were taken in 20 seconds intervals during testing to study the crack formation and 
type of failure. Three specimens were examined for each beam type. The stress was 
calculated by dividing the measured axial force, which in turn is calculated according 
to the truss model for each element, by the cross-sectional area of the active 
reinforcement, i.e., the cross-section of the continuous yarns along the load direction. 


Figure 4. TRC beam tested on Instron machine. 


3. RESULTS AND DISCUSSION 
3.1. Mechanical Properties 


Load versus deflection curves of all tested beams are presented in Figure 5. For stress 
calculation, when considering the truss form, the load acting on each truss element 
needs to be divided by its specific cross-sectional area, but here for simplicity only 
the total maximum load acting on the entire beam is presented as shown in Table 3, 
including the deflection at the maximum load. A similar maximum load is observed 
in both beam sets, 1 and 2, although the anchorage of the fabric in set 2 takes place 
also in the upper truss elements of the beam (Figure 3a vs b). Moreover, both beam 
sets achieved very low deflections, indicating similar bending behavior of these two 
fabric anchoring shapes. The obtained low maximal loads combined with the low 
deflection, indicate a brittle failure of those beams and possibly inefficiency of the 
anchorage to allow the reinforcement fabrics to carry the develop tensile loads. 
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Table 2. Average maximum loads and deflection at the maximum loads for all three 
tested beam sets 


Beam Average Average Standard deviation 
type max deflection [%] 
load [N] at max 
load 
[mm] 
Set 1 910.4 0.6 12.9 
Set 2 990.5 0.5 6.9 
Set 3 5812.0 5.4 9.2 
7.0 uy 
6.0 6.0 
5.0 = 5.0 
q 4.0 ah 4.0 
J 3.0 3 3.0 
= 2.0 2.0 
1.0 1.0 f/\ 
0.0 10 20 30 40 50 60 0.0 2.0 4.0 
[2] Deflection [mm] [»| Deflection [mm] 
7.0 
6.0 
__5.0 
a 4.0 
3.0 
} 
= 2.0 
1.0 
0.0 
0.0 2.0 4.0 6.0 
Deflection [mm] 


Figure 5. Load versus deflection curves of all tested beams; (a) minimal anchoring, 
(b) top anchor turns inward, and (c) top anchor turns outward with additional 
reinforcement. 
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A significant improvement in the bearing capacity of the beam occurs in the third set 
of beams (Set 3), in which the fabric located also at upper beam elements 
continuously, while the anchorage of the fabric faces outwards. The average 
maximum load improved by about 6 times relative to the other two tested beams (Set 
1 and 2). This beam of Set 3 also observes much greater deflection when reaching the 
maximal load, indicating much more ductile behavior and greater energy absorption 
as compared to other two tested beam sets. A plausible reason for such improvement 
(in loads and deflections) can be related to the location of the reinforcing fabric and 
its anchoring path which corresponds to the direction of the natural stress flow in the 
bending beam[6]. In addition, changing the direction of the fabric anchorage outward 
causes the stresses to be developed at the upper concrete elements of the truss 
(elements 6, 10 and 14, Figure 2b), which known to be more easily carried by the 
concrete. Additionally, it should be mentioned that in Set 3 although it can carry the 
developed loads more efficiently than the other two fabric arrangement beams, it 
observes relatively high diversity in the load-deflection curves, showing two curves 
with similar behavior and one with lower flexural response in terms of maximal loads 
and deflections. Notes that shape of those beams is rather complex and the dimension 
of each element within the beam is relatively thin, leading to difficulty in their 
production which may cause some defects. Larger beam size might limit this problem 
which is currently under investigation. 


3.2. Failure Mechanisms 


Figure 6 presents the mode of failure of representative beam of each tested set. The 
manner of failure is similar for beam sets 1 and 2 (Fig. 6a and 6b). The failure occurred 
at a certain portion of the beam where only few elements failed at the upper region of 
the beam, causing the entire beam to fail. In both cases (sets 1 and 2) the first crack 
began at a single truss element, thus the beam did not longer function as a truss. This 
resulted a rupture of the upper node of the beam as shown in Figure 6a-b. In set 1 (Fig. 
6a) the fracture caused the carbon fabric that was not anchored to the concrete to be 
pulled out from the node. However, in set 2 (Fig. 6b) the concrete at the same node 
detached from the carbon fabric by delamination, which may relate to the fact that the 


326 


DEVELOPMENT OF NON-REGULAR SHAPED LIGHTWEIGHT STRUCTURAL 9 
CONCRETE ELEMENTS (BEAMS) REINFORCED WITH CARBON FABRICS 


fabric was anchored towards the center of the beam, which contributed to the crack 
development and the formation of delamination at this node. 


In set 3 (Fig. 6c), the beam underwent a significant deformation before reaching 
failure, which could be seen by a naked eye. Cracks were formed and clearly observed 
during loading, until failure of large number of neighbor elements at once, leading to 
catastrophic failure. This observation indicates that many elements in the beam 


Figure 6. Form of failure. (a) Minimal anchoring, (b) Top anchor turns 
inward, and (c) Top anchor turns outward with additional reinforcement. 


reached their maximum bearing capacity before failing, so the material utilization is 
likely high. It can be clearly seen that the upper elements in the beam (elements 
number 2 and 6, Figure 2) experienced delamination, which is undesirable in structural 
elements. 


4. CONCLUSIONS 


A truss-like textile reinforced concrete (TRC) beam was designed to examine different 
forms of reinforcement anchoring and their effect on bending beam behavior, 
motivated by sustainable concerns. 


The fabric arrangement and location and most important its mechanical anchorage 
pattern within the beam is of high importance to allow a load bearing capacity of the 
truss-based beam. When such fabric anchorage is not well designed, it can severe 
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damage to the beam including delamination. Fabric arrangement and anchorage 
pattern that corelates with the natural loads flow of the beam under bending can 
increase material utilization and thus improved load-bearing capacity. However, 
further investigation is required to find an optimal fabric arrangement and anchorage 
pattern that will allow effective load carrying while also preventing delamination 
between fabric and concrete. Understanding the behavior of larger size truss-based 
beams is required for practical applications which is currently under investigation. 
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SUMMARY: External Thermal Insulation Composite Systems (ETICS) is a solution to improve 
energy efficiency of existing buildings. In this system, the thermal insulation material is 
protected by several coating layers. In order to limit crack openings, a coating layer is 
reinforced with a glass fiber mesh. In spite of being widely employed in ETICS, the mechanisms 
of reinforcement of glass fiber mesh in cement-based matrices are not fully understood. Here, 
the effect of the reinforcement on cracking is studied through 4-points bending tests realized 
in-situ in an X-Ray tomograph. The tests show that several heterogeneities exist in this 
composite material, that can initiate cracks and affect their propagation. 


KEY WORDS: glass fiber mesh, ETICS, mortar, X-ray tomography, cracking 


1. INTRODUCTION 


Glass fiber reinforced mortars are used as the protection layer in External Thermal 
Insulation Composite Systems (ETICS) as shown in Figure 1. ETICS are recognized 
as one of many types of thermal insulation and have several advantages such as the 
ease of application without disturbing the residents [1]. ETICS are prescribed in the 
renovation framework targeting the reduction of energy consumption produced by the 
by the home and building heating systems that are responsible for 45% of total French 
energy consumption and about 25% of Greenhouse gas emissions [2]. The objective 
of the French government is to attain carbon neutrality by 2050 and to renovate 
500,000 housing units per year, half of which are occupied by low-income households 


[2]. 
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Adhesive 

Thermal insulation material 

Anchors (not mandatory) 

Base-coat 

Reinforcement, usually glass fiber 
mesh 

6. Finishing layer: finishing coat with a 
key coat (optional) and/or decorative 
coat (optional) 


Gis ete 


Figure 1.7ypical system components in ETICS using anchors [3] 


The glass fiber reinforced rendering mortar also called basecoat for is subject to 
cracking. The interactions with the environment changing temperature and relative 
humidity lead to thermal and hygral strains, which when restrained, may lead to 
stresses that can attain the tensile strength of the material causing then the mortar 
cracking as in Figure 2. This is problematic for two main reasons. On one hand, the 
eventual penetration of water inside the cracks may cause the insulator to lose partially 
its efficiency and durability. On the other hand, the visible cracking on the newly 
renovated facades leads to unsatisfied clients which is an important marketing 
problem. Oriented and non-oriented cracking and visibility of joints are among the 
main anomalies encountered in ETICS [4-6]. The glass fiber mesh fabric is proposed 
as a solution for cracking in several types of applications including the base coat 
reinforcement for ETICS. 


Figure 2. Visible cracking on a facade 


The reinforced cement composite used in ETICS is composed of (i) the mortar, which 
is a very heterogeneous material containing three main phases at its mesoscale: cement 
paste matrix, sand particles, and porosity, and (ii) the glass fiber mesh which is also a 
heterogeneous material containing three phases at its mesoscale: glass fibers, porosity, 
and coating. The heterogeneities present in the mortar, the porosity, the sand, or even 
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the mesh can be the source of localization for cracks at the mesoscale. Nevertheless, 
cracking in the rendering mortar can also be initiated at the structure scale. 
Geometrical singularities, such as window corners and thermal joints, can be a source 
of localization of cracks. 


Here, we focus on the mechanical characterization of the reinforced rendering mortar. 
The aim is to determine the reinforcement mechanisms of the glass fiber mesh 
regarding the crack initiation, localization and propagation within the mortar using X- 
ray tomography in an original setup. The tomography scans enable unveiling the role 
of the glass fiber mesh on crack localization and crack propagation in reinforced 
mortar. To the author’s knowledge, it has never been done previously on this type of 
material. 


2. MATERIALS AND EXPERIMENTAL METHODS- 
2.1 Materials 


In this study, 5 mm thickness prismatic reinforced mortar samples of 70 mm long and 
12 mm large (see Figure 3(a)) are tested in 4-points bending inside an X-ray 
tomograph. The mortar used in our samples is a commercial basecoat for ETICS. The 
glass fiber mesh is also a commercial glass fiber mesh fabric (see Figure 3(b)) that is 
specifically preconized for ETICS. 


a5 is Sea eee TTT ery 

=a Hetdt df +4 
A44454444-4+- 
Lida tele gle 1k Aale} 
PE fle bit te 


Ht] LL 

longitudinal yarn of transversal yarn of 

the fiber-glass mesh the fiber-glass mesh a HEEEESEE 4444+ 
2 eo 


(a) 


Figure 3(a). 2D and 3D representation of the glass fiber mesh reinforced mortar 
sample. (b). Glass fiber mesh fabric structure 


Three non-reinforced mortar samples (4x4x 16 cm*) were tested by 3-point bending at 
28 days to determine its mechanical properties such as the Young modulus and the 
tensile strength. The experimental setup and procedure are described in [7]. The 
mortar has a Young modulus of 2.47 GPa + 0.34 GPa, and a tensile strength of 1.97 
MPa + 0.04 MPa (mean value + standard deviation for both parameters). 


The mortar is mixed and cast according to the manufacturer’s instructions (6 L of 
water for 25 kg of premix). 
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After casting, the samples are protected from drying for 24 hours until demolding. 
Several layers of plastic film and a final layer of adhesive aluminum are used. After 
demolding, the samples are stored in a temperature and relative humidity-controlled 
room at 20°C+1°C and 60%+5%, respectively. The weight loss of the samples is 
monitored. 


2.2 Experimental methods 


To understand the crack initiation and propagation in the reinforced rendering mortar 
and the reinforcement mechanisms of the glass fiber mesh, several specimens are 
tested using in-situ X-ray tomography in 4-point bending. 


In-situ X-ray tomography is a non-destructive technique that allows obtaining a three- 
dimensional image. It is an imaging technique that generates a three-dimensional 
representation of the structure. It permits the visualization of the crack in the 3D 
volume of the specimen. A 3D crack monitoring is possible at different times of the 
tests. 


2.2.2 Mechanical test assembly 


The specimen in this particular 4-point bending setup, as shown in Figure 4 and unlike 
in traditional ones, is inclined. This change is what allowed us to obtain better quality 
images since the X-ray beam is traversing a smaller distance in the “scanned zone” 
(zone outlined in yellow in Figure 4) compared to the total length of the specimen in 
case of a non-inclined bending setup. The “scanned zone” corresponds to the volume 
where cracking is supposed to occur. 


1. Specimen 

2. Supports 

3. Longitudinal support 

4. Junction piece allowing 
rotation 

5. Plate in an upward 
movement 

6. Scanned zone 


Figure 4.4-point bending mechanical assembly 


Note that all the pieces of the assembly are made using a 3D printer. ABS 
(Acrylonitrile Butadiene Styrene) is used (density of about 1055 kg. m~3). The density 
of the mortar being 1323 + 5 kg.m7? (mean value + standard deviation) making it 
denser than the ABS. Thus, the ABS is globally more X-ray transparent than the 
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mortar. Besides, sand, cement and hydrates (density of about 2700, 3100 and 2600 
kg.m”, respectively) in the mortars are less transparent since their density are also 
greater than the one of ABS. 


Plate 5 in Figure 4 is directly fixed on a 100 N load cell that will put the plate in an 
upward movement, hence the load is being transmitted to the specimen by the lower 
support. 


The test is controlled by the displacement of the plate 5 (see Figure 4) at a rate of 1 
um.s~1. The advantage of using a displacement controlled test compared to a load 
controlled one is that the former allows getting the post-peak curve and prevents creep 
strains during the scans that will complicate the analysis of displacement fields related 
to cracking. Two scans are done to compare the cracked stage of the sample to its 
slightly deformed elastic stage. Before each scan, a pause period is preferred to allow 
the material to relax. This relaxation period prevents differential strains (for instance 
between viscous cement paste and elastic aggregates) that will occur during the scan 
hence limiting the blurred image. The in-situ inclined 4-point bending test is divided 
into 6 phases that are detailed in Figure 5. Note that using 4-point bending, we can 
obtain multi-cracking in the specimen. To attain the multi-cracking stage, the phases 
4, 5, and 6 of Figure 5 are repeated. 


1,2 3 4 5 6 
1. Load until contact 
2. Relaxation period 
Displacenent-ame 3. First scan at a slightly 
aieue 7 deformed stage 
= Load-time curve 8 4. Load until the first 
S 5 crack 
va 5. Relaxation period 
3 6. Second scan at cracked 
f| |. 4 stage 


0) 5000 : 10000 15000 
time [s] 


Figure 5. The schematic course of the test described with the load vs. time and 
displacement vs. time curves 


The main objective is to induce cracking in the reinforced mortar under tension stress 
in order to observe the reinforcement mechanism regarding the crack initiation, 
propagation and opening. 


The dimensions of the specimen were chosen according to several parameters: 


e The 5 mm thickness of the specimen is defined by the manufacturer of the mortar 
for industrial application in ETICS. 
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e The 12 mm width is chosen according to a minimum of 3 longitudinal yarns of 
the glass fiber mesh. 

e The length is chosen to respect (i) the minimum slenderness of Euler-Bernoulli 
theory, thus a minimum of 50 mm is required (slenderness of 10), (41) a minimum 
of 5 transversal yarns of the glass fiber mesh in the zone of interest (between the 
loading application points), thus 30 mm is required for the zone of interest, (iii), 
a minimum anchor length is required for the glass finer mesh (calculated 
according to a reference stress in the mesh supposing a perfect adhesion between 
the mortar and the glass fiber mesh), (iv) and a sufficient image resolution is 
required (the voxel size should be smaller than the visible crack width). 
Considering the capacity of the human vision, at | m distance as a reference for 
a visible crack width of 50 um, and a 3D image size around 1000? voxels, the 
maximum length allowed to be traversed by the X-rays should be 50 mm. 

Note that inclining the specimen allows to relax this constraint by choosing a 
sufficiently long specimen, hence respecting Euler-Bernoulli hypothesis, while 
decreasing the length traversed by the X-rays. 

e All dimensions have to be greater than the Representative Elementary Volume 
(REV) dimensions. Nevertheless, the thickness of the material is defined by the 
industrial manufacturer. 


Note that verifications of the inclined bending set-up have been carried-out using 
finite element calculations. 


3. EXPERIMENTAL RESULTS AND DISCUSSIONS 


Thanks to the advanced technology of the X-ray in-situ tests, reconstruction 
algorithms, and image processing algorithms, we had access to the 3D volume of the 
cracked sample. 


In a 4-point bending test, considering the constant bending moment between the two 
upper supports, the crack can be initiated on the lower tensile surface anywhere 
between the two upper supports. The crack will propagate, from the bottom surface in 
tension toward the upper surface, vertically due to the geometrical and mechanical 
symmetry of the classical 4-point bending set-up. 


The theoretical cracking trajectory described above does not always apply to 
heterogeneous materials, since the heterogeneities present in the material may induce 
geometrical singularities, weak points, or, material incompatibilities that can relocate 
the crack initiation and redirect its propagation. In the reinforced glass fiber mortar 
samples, three main categories of heterogeneities exist at the millimeter scale: 
(macro)porosity, sand particles (two types of sand can be differentiated), and, the glass 
fiber mesh. Each of these heterogeneities can be a source of stress concentration. 
Therefore, the crack in the mortar is initiated where the local stress attains the mortar’s 
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tensile strength, hence anywhere in the tensile zone and not only on the lower surface 
of the sample as in homogeneous materials. 


Considering the quasi-brittle behavior of the mortar, the propagation of the crack once 
initiated is rapid. Since the X-ray 3D requires a steady-state of the scanned object 
hence cannot be carried out during the mechanical test but afterward, the exact 
location of the crack initiation cannot be determined. 


(a) (b) 


Figure 6. Representation of a (a) vertical and (b) horizontal section inside the 
reconstructed 3D volume of the sample. 


(c) 


Figure 7(a). Horizontal section (b, c, d, and e) vertical sections inside the 
reconstructed 3D volume of cracked specimens I. 


The cracks in two samples are shown in Figure 7 andFigure 8 following the sections 
in Figure 6. The transversal yarns in the specimen I of Figure 7 outlined in yellow are 
weft yarns while the transversal yarns in the specimen II of Figure 8 are warp yarns 
(see Figure 3(b)). The transversal yarn, as any other heterogeneity present in the 
mortar, can induce stress concentration hence being a source of crack localization. 
This cracking pattern is not persistent as the vertical sections in specimen I of the 
Figure 7 (c and d) show cracks passing by the transversal weft yarn while the vertical 
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sections in specimen I of the Figure 7 (b and e) show cracks passing between two 
transversal weft yarns hence not localized on the latter. Note that, finite element 
simulations have been carried out in order to determine the influence of the distance 
between the glass fiber mesh and the lower tensile surface. The simulations showed 
that the closer the glass fiber mesh from the lower tensile surface, the more likely for 
the crack to pass through a transversal yarn. This due to the higher level of stress 
concentration induced by the transversal yarn when the latter is close to the lower 
tensile surface. On the other hand, the closer the mesh from the lower tensile surface 
the greater the first crack load hence making the reinforced rendering mortar more 
resistant. 


Figure 8. Vertical section inside the reconstructed 3D volume of specimen II. 


The cracks in vertical section in specimen I of Figure 7 did not cross the glass fiber 
mesh. In the case, the latter stopped the crack propagation and thus limits the crack 
opening. On the other hand, the crack in the vertical section of the specimen II of 
Figure 8 passed traversed the glass fiber mesh trough the thickness of the mortar. 
Nevertheless, the glass fiber mesh decreased significantly (by 50%) the crack opening. 
This first reinforcement mechanism, whether to stop the crack propagation or to limit 
the crack opening, directly influences the durability of the ETICS. As discussed in the 
introduction, the potential water leakage is limited by the smaller crack opening. 


It is thus possible, using different dimensions of the glass fiber mesh, to directly 
impact the number of the cracks as well as their openings to make them less visible 
and more watertight. A previous paper focused on a 3-point bending test [7]. Other 
works investigated the influence of the glass fiber mesh dimensions under different 
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conditions on the mechanical behavior of the reinforced rendering mortar [8], only 2D 
surface observations were reported. 


4. CONCLUSIONS 


We studied cracking development in the reinforced mortar relevant for ETICS 
application using X-ray tomography. The classical mechanical testing methods even 
when combined with advanced technologies such as Digital Image Correlation (DIC) 
can only provide information on the chosen 2D surfaces. Therefore, to access the 3D 
information and dive into the depth of the 3D volume of the sample, a new testing 
setup is demanded. The newly developed X-ray in-situ inclined 4-point bending setup 
needed to ensure relatively small scale testing in order to obtain a sufficiently small 
image resolution (15 um), X-ray transparency of the different parts of the set-up as 
well as geometrical adjustments in order to limit the noises and obtain good quality 
exploitable images. 


The 3D images of the samples revealed a material crowded with different types of 
heterogeneities. Each of which can have an impact on the cracking pattern. The 
transversal yarn did not show a clear influence on the crack localization as it localized 
the crack in some case and did not in others. Numerical simulations showed a greater 
resistance of the glass fiber reinforced mortar if the glass fiber mesh is placed close to 
the lower tensile surface. Nevertheless, this positive impact of the smaller distance 
between the glass fiber mesh and the lower tensile surface is jeopardized by a greater 
stress concentration level induced by the transversal yarn of the mesh hence being a 
dominant crack localizer. 


Although the initiation point of the crack could not be identified, a main observation 
has been made. The glass fiber mesh may be able to whether stop the crack 
propagation at its level or to significantly decrease the crack opening. Therefore, the 
glass fiber mesh plays an important role in the durability of the ETICS by reducing 
the potential water leakage within the thermal insulator. 


Note that using Digital Volume Correlation, non-visible cracks may be found as well 
as a potential differential displacement between the glass fiber mesh and the mortar. 


On the other hand, in order to identify the starting point of the crack and to ensure 
whether it initiates on the tensile surface or by one of the heterogeneities especially 
the transversal yarn, 2D X-ray radiography along with the 4-point bending set-up 
might be of great use. 


In future studies, experiments will be carried out to understand the cracking behavior 
and the reinforcement mechanisms under the real environmental loading. 
Temperature and relative humidity fatigue cycles can be applied to a defined structure 
of ETICS. This environmental loading supported by an imaging technique can reveal 
the behavior of the glass fiber reinforced mortar in “real-life” scenarios. 
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SUMMARY: Discrete spacers can be used to connect planar textile layers and create pseudo-3D 
textile architectures for concrete reinforcement. Preliminary studies on short TRC (textile 
reinforced cement/concrete) beams have shown that on top of the manufacturing advantages, 
the use of discrete spacers can lead to improved textile anchorage, resulting in increased 
mechanical performance of the TRCs. Investigations on the effect of the anchorage length and 
spacer distribution on the resulting anchorage mechanism in long TRC elements are currently 
lacking in literature. This research investigated the influence of these parameters in long TRC 
beams (1200 mm) through a four-point bending experimental campaign on three TRC layups 
(equivalent 2D, original 3D and with discrete spacers) and two support configurations (350 
mm and 550 mm span). The experimental results showed a clear beneficial influence of the 
discrete spacers on the anchorage mechanism and highlighted the importance of anchorage 
length in the free (unloaded) region of the TRCs. 


KEY WORDS: 3D textiles, Anchorage mechanism, Bending, Discrete spacers, Textile Reinforced 
Cement (TRC) 
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1. INTRODUCTION 


Textile Reinforced Cement Composites (TRCs) combine a cementitious matrix 
with textile reinforcement and offer a high-potential alternative for traditional 
building elements [1]-[3]. In recent years, 3D textiles have emerged as a promising 
reinforcement for TRCs due to their known manufacturing advantages as well as 
improved anchorage mechanism of the in-plane textiles [4]-[7]. Currently, the main 
drawback of 3D textiles remains the limited availability and the low adaptability of 
the weaving looms. 


Discrete spacers can be manually inserted to lock planar textile layers at a fixed 
distance and hence create a pseudo-3D architecture. Preliminary research on short 
(450 mm) TRC beams has shown that in doing so, similar manufacturing and 
anchorage improvements can be achieved as with original 3D textiles, while avoiding 
the manufacturing restrictions of 3D textiles [8]. An investigation of the effects of 
discrete connections on the textile anchorage in long TRC elements is however still 
lacking in literature. 


This research tackled the influence of discrete spacers on the anchorage effects in 
long TRC beams by means of a flexural four-point bending experimental campaign 
on specimens of 1200 mm x 60 mm x 15 mm (length x width x thickness). Three 
different TRC configurations were considered; (i) 2D: an equivalent 2D configuration 
with the same in-plane textile density but without spacer connections, (ii) 3D: a 3D 
textile configuration with original knitted connections and (iii) C4: a pseudo-3D 
configuration with four discrete spacer connections distributed over the shear zone of 
the sample (two on each side). Additionally, in order to investigate the influence of 
the free anchorage length (outside of the supports), two support configurations were 
considered, namely at 350 mm and 550 mm span. The loading pins remained 100 mm 
apart, and the length of the beams was held constant at 1200 mm, which resulted in 
free anchorage lengths (outside the supports) of respectively 425 mm and 325 mm. 
All samples had a fibre volume fraction V+ of 0.70 % in the loading direction. Six 
samples were tested for each alternative, resulting in a total of 36 TRC beams. 


2. MATERIALS AND METHODS 
2.1. Materials 
2.1.1. Discrete connections 


The discrete spacer connections that were considered to achieve pseudo-3D textile 
configurations were HF840MO polypropylene connections that were inserted 
manually at the desired positions and consisted of a two-part mechanism needed to 
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clip the top and bottom textile layer (Figure | (a)) and to warrant an identical spacing 
as the knitted alternatives (Figure | (b)). 


15mm 


(a) 


| 


25 mm 


(b) 


: 


25mm 


Figure 1: Dimensions of discrete spacer connections (a) central pin (b) circular 
piece 


2.1.2. Matrix 


For the matrix, the Sikagrout 217 was selected for its high flowability as well as 


compensated shrinkage. The properties of the mortar are given in Table 1. 


Table 1. Properties of the cementitious matrix, based on [9] 


Aggr. size | Compr. strength | Modulus of rupture | Density | Young’s Modulus | Water/Mortar ratio 
(mm) (MPa) (MPa) (kg/m?) (GPa) (-) 
0- 1.6 70 12 2010 9 0.15 


2.1.3. Textile and configurations 


A commercially available AR-glass 3D textile was used as reinforcement for the TRC 
beams, see Figure 2 (a) [10]. The textile was styrene-butadiene coated, the properties 


are 


given in Table 2. 


Table 2. Properties of the entire 3D textile (top and bottom layer), based on [10] 


Maieaal Grid size Textile density | Yarn stiffness | Textile strength Cc § 
ateria Ginn «mie (g/m?) (GPa) (MPa) onnections 

AR-Glass Knitted 

2400 tex 22.5 x 22.5 536 67 496 polyester 


Apart from configurations with untampered knitted 3D textiles (configuration (ii) 
3D), two other configurations were considered, namely (i) 2D: without transversal 
connections and (iii) C4: with discrete connections distributed over the shear zone. In 
order to manufacture configurations (i) and (iii), the 3D textiles were adapted and the 
original knitted connections removed. In configuration (i), temporary spacers were 
inserted during manufacturing and afterwards removed, while in configuration (iii) 
four discrete spacers described in section 2.1.1 were inserted in the shear zone of the 
four-point bending setup. All configurations had a fibre volume fraction V+ of 0.7 % 
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in the loading direction and a distance between the textile layers of 8.5 mm. Figure 2 
(b) shows the discrete connections placed between the textile layers. 


TE, 
em 


(a) (b) 
Figure 2. (a) Original 3D textile and (b) discrete spacer connections inserted 
between two textile layers 


2.1.4. Manufacturing method 


All TRC beams were manufactured in individual 1200 mm x 60 mm x 15 mm 
moulds. First, a layer of demoulding oil was applied on the mould. Secondly, the 
textile reinforcement was placed in the moulds with integrated spacers (where 
required) and bottom distance holders (see Figure 2). Subsequently, the mortar mix 
was poured over the textile reinforcement over a vibrating table until each individual 
specimen mould was filled. Lastly, a sealing foil was drawn over the mould and the 
mould was sealed for curing at room temperature during 28 days. Before the 
experimental tests, the side surface of the samples was painted white and speckled for 
the DIC monitoring technique. 


2.1.5. Test setups 


Figure 3 shows the experimental four-point bending test setups with (a) 350 mm and 
(b) 550 mm span. The free (unloaded) anchorage length was respectively 425 mm and 
325 mm. In both cases, the distance between the loading pins was 100 mm and for the 
configurations including discrete connections (configuration (iii), as shown in Figure 
3) the connections were present in the shear zone of the specimens at identical 
positions, as shown in Figure 3. A speckle pattern was applied on the side surface of 
the samples and the displacement field was monitored by means of Digital Image 
Correlation (DIC) [11]. All experiments were performed on a displacement controlled 
Instron 5885H electromechanical test bench with a crosshead rate of 2 mm/min. 
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Discrete spacer 


7 


’ a sm + 15mm 
a 

(b) 
Figure 3. Four-point bending experimental setup with (a) 350 mm and (b) 550 mm span 


3. RESULTS AND DISCUSSION 


Figure 4 shows the representative Force — displacement curves for each 
configuration. Table 3 shows the post-cracking stiffness for all the alternatives. 


The experimental setups with 350 mm between the supports showed that in these 
alternatives, with a total beam length of 1200 mm and a free anchorage length of 425 
mm, the 2D TRC alternatives exhibited a similar post-cracking stiffness compared to 
the 3D and C4 alternatives (see Table 3). Toma et al. [8] have concluded that in short 
beams of 450 mm and only 50 mm free anchorage length, TRCs with identical textile 
layups and support distances exhibited a significantly lower post-cracking stiffness in 
the 2D alternative. Considering that the only difference between the two campaigns 
was the total specimen length (and hence free anchorage length), these results showed 
that increased free anchorage length can activate an improved anchorage mechanism 
in TRC beams with limited V¢ (0.7 %). 


It can be concluded that in 3D textiles, the value of minimum required V; to 
achieve multiple cracking and a satisfactory composite action is not only dependant 
on the mechanical properties of the matrix and textile reinforcement but also on the 
anchorage efficiency, which is influenced by free anchorage length. 


In this experimental setup (350 mm between the supports), the configuration 
containing discrete connections (C4) did exhibit a slightly superior post-cracking 
toughness and stiffness compared to the 2D and 3D configurations (see Table 3). 
However, the differences are rather small and apart from the manufacturing ease, no 
additional conclusive contributions of the discrete spacers were observed. 


In the configurations of the experimental setups with 550 mm between the 
supports, a clearly lower post-cracking stiffness was observed for the 2D 
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configuration compared to the 3D and C4 configurations (see Figure 4 and Table 3). 
Relating these results with [8] and the results mentioned above showed that it is not 
sufficient to increase the beam’s total length in order to achieve an improved 
anchorage of the in-plane textiles but that instead the free anchorage length outside 
the supports provides a major contribution to this effect. 


Differently than the 2D alternative, the C4 configuration in the 550 mm 
experimental setup achieved a post-cracking stiffness comparable to the 3D 
alternative (see Figure 4 and Table 3). These results showed that in configurations 
where a desirable textile anchorage is not warranted by the sample’s geometry and 
boundary conditions, the use of discrete spacers can improve the anchorage 
mechanism of the textile and replicate the beneficial mechanical effects of knitted 3D 
connections, as observed by El Kadi et al. [6]. 


The previous results showed that, especially in configurations with lower V+ (0.7 
%), the achieving of a desired anchorage of the in-plane textiles and therefore a 
desirable post-cracking stiffness is strongly dependant on both the free anchorage 
length and the presence of transversal connections in the TRCs. 


A hypothesis for the improvement in anchorage mechanism due to discrete 
connections is based on the formation of discrete “bridges” by these connections. In 
a purely tensile loading condition, both the top and bottom textile reinforcement layers 
are stressed in the same direction. In a flexural campaign however, the bottom textile 
layer undergoes a tensile deformation, whereas the top layer is subjected to 
compressive stresses. It is believed that the presence of discrete bridges or connections 
would hamper the opposite, in-plane displacement of the textile reinforcement and 
hence positively influence the anchorage of the in-plane reinforcement. This 
hypothesis is endorsed by the observations of El Kadi et al. [6], where no influence of 
knitted connections were observed in tensile loading conditions. 
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Figure 4. Force (N) — displacement (mm) curve for all TRC configurations 


Table 3. Average post-cracking stiffness for all TRC configurations 


4. CONCLUSIONS 


This article researched the influence of discrete spacers and anchorage length on 
the anchorage mechanisms in long TRC elements. A four-point bending experimental 
campaign was conducted on 1200 mm x 60 mm x 15 mm TRC beams without 
transversal connections (2D), integrated knitted connections (3D) or discrete spacer 
connections distributed in the shear zone of the samples (C4). Distances between the 
supports of 350 mm and 550 mm were considered, resulting in free anchorage lengths 
of respectively 425 mm and 325 mm. 


The experimental results showed that the free anchorage length can have a 
beneficial effect on the anchorage mechanism and contribute to the composite action 
in samples with low fibre volume fractions. Furthermore, in configurations where the 
free anchorage length is sufficient to warrant a post-cracking (composite) behaviour, 
the addition of discrete spacer connections did not have a significant influence at the 
level of the mechanical properties. 


Secondly, the results showed that in configurations where the anchorage length 
was not sufficient to warrant mechanical anchorage of the in-plane textiles, the 
addition of discrete spacer connections was able to replicate the mechanical anchorage 
obtained by integrated (knitted) connections. 


A hypothesis for the activation of the anchorage mechanism was proposed and 
linked to the local bridging effects provided by the discrete connections; these local 
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bridges are believed to activate the anchorage mechanism in loading conditions where 
the individual textile layers experience opposite stress levels by hampering the 
opposite displacement. 


Future research should investigate the minimum required free anchorage length 
(in function of V+) to achieve desired anchorage mechanisms. Additionally, the effects 
of different amounts and distributions (in the free length and bending moment zone) 
of discrete connections in TRC beams should be investigated. 
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SUMMARY: The present study presents a multiscale, investigation that focuses on the development 
of anew composite material, which combines a PCM modified matrix and AR textile 


reinforcement (PCM-TRC). 


The potential of this association lies in the combination of the lightweight character of TRC 
composites to the heat storage capacities provided by the phase change material. 


This research focuses on the effects of PCMs on the mechanical performance of TRCs. For 
this purpose, the efficiency of the association of the two materials has been mechanically at 
different PCM rates and different temperatures. 


It has been found that multicracking behaviour of TRC composites is maintained in the presence 
of microencapsulated PCM; however, the tensile strength of the composite decreases with the 
PCM rate. This is due to the disorder caused by PCM at the matrix and interface scales. In 
addition, it has been found that the PCM state (solid or liquid) can affect the mechanical 
performance of both the PCM-TRC composite. This is due to PCM volume change during phase 
change, which has probably caused composite multickracking in the matrix and at the interface 


scale. 
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Temperature effect 
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1. INTRODUCTION 


The building sector has a strong potential for improvement in terms of thermal 
performance and reduction of its ecological footprint. In this context, composite 
structures and non-conventional materials are widely used. 


Textile-reinforced concrete (TRC) consists of a fine-grained concrete matrix 
reinforced with alkali-resistant glass fabric, basalt, aramid... [1, 2]. TRC combines 
the high compressive strength of a cementitious matrix with the high tensile resistance 
of a non-corrosive textile fabric and thus allows the construction of lightweight 
cementitious elements, such as lightweight roofs, sandwich panels, etc. [3, 4,5]. TRC 
can ensure fire resistance and constitutes an important alternative to fibre-reinforced 
polymer, which has limitations in terms of cost, fire resistance, toxicity, and 
sustainable-development features attributed to the polymer matrix. Despite these 
advantages, the lightweight of TRC, which is due to the low thicknessof the concrete 
covers, can lead to a considerable reduction of its thermal inertia. 


Recent studies [6, 7, 8] have focused on the search for intelligent materials that 
have the ability to regulate indoor temperature variations; these are phase-change 
materials (PCMs). PCMs change their phase from solid to liquid in warm periods by 
storing heat, the same heat that is released in cold periods, when the PCM returns to 
the solid state. This repetitive energy storage-release process can smooth out 
temperature variations inside buildings when PCMs are integrated in the materials 
constituting the building envelope. 


In this context, the present study aims to combine the advantages of PCM and TRC 
to propose a new PCM-modified TRC composite, PCM-TRC, which results from 
the association of a PCM-modified mortar matrix and an alkali-resistant glass fabric 
reinforcement. The main advantages of the new PCM-TRC composite material can 
be summarised as follows: 


a) The possibility to produce lightweight cementitious structural elements (owing 
to TRC) with high mechanical performances (especially under tension solicitation) 
and high thermal inertia (owing to PCM). 

b) It is a better match (even partial) to the criteria of sustainable development. 


2. MATERIALS AND METHODS 

2-1 Materials 

2-1-1 Cement mortar 

A Portland cement mortar with fine aggregate (D<1.6 mm) was chosen to ensure the 
Impregnation of the textile fabric for the ‘PCM-TRC’ composites. 

2-1-2 Phase change material (PCM) 


The PCM used in the study is a vegetal wax chemically identified as methylexadecanoate; this 
PCM was selected to minimise the environmental impact. The PCM phase-change is 24 to 
27°C. 

The latent heat of the phase change of PCM is 160 kJ/kg. 


2-1-3 Textile fabric reinforcement 


The textile fabric reinforcement used in the study is an AR glass with a tensile yield stress 
and Young’s modulus measured as 800+48 MPa and 53+2.5 GPa, respectively. 
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2-2 Experimental methods 


2-2-1 Casting procedure 


2-2-1-1 Casting of the PCM-modified mortar matrix 


Microencapsulated PCM was added to different weight percentages of Portland cement fine- 
grained mortar (0, 5, 10, and 15 wt%). The high hydrophilic nature of the encapsulated PCM 
[5,6],induce a high water absorption in the internal porosity of PCM. This induces 

an adjustment of the amount of water necessary for each PCM-mortar matrix (at each PCM 
rate) 


The amount of additional water required for each PCM—mortar matrix was evaluated using a 
water absorption test on PCM powder according to EN1097-6 . The results are shown in 
Table 1. 


Mass of surface dried (24h Mass of saturated PCM Water absorption 
in 100°C oven) PCM powder after 24h immersion | coefficient “2@—) in 
M1 
powder M,(g) Mz (g) % 
100 154 54 


Table 1 Test results of water absorption capacity of PCM powder 


The mix composition of the PCM-mortar matrix are presented Table 2 [ w1/c is the total 
water to cement ratio, w2/c is the ratio of water not absorbed by the PCM to cement, which 
is maintained constant in all the mix composition and leads to a quasi-constant slump 
(equivalent workability) in all the mix compositions (see table 2)]. 


PCM-mortars Reference Swt% 10wt% 15wt% 

PCM (kg) 0 0.3 0.6 0.9 
Cement (kg) 1.65 1.65 1.65 1.65 
Fine aggregate (kg) 4.35 4.35 4.35 4.35 
Water (L) 0.80 0.96 1.12 1.29 
Wy 0.48 0.58 0.68 0.78 

Cc 
Wo, 0.48 0.48 0.48 0.48 

c 
slump (mm) 182 185 178 179 


Table 2 PCM-mortar mixture compositions 


2-2-1-2 casting of the ‘PCM-TRC’ composites 


The in situ hand lay-up technique (Figure 1) was applied to produce the PCM-TRC 
composites. 


A suitable amount of each PCM-—mortar matrix (0, 5, 10, 15 and 20wt% PCM-—mortar, as 
described above) was spread on the bottom of a mould (600 mm-length, 400 mm- width, 10 
mm- thickness). Then, the AR glass fabric was impregnated by the matrix with a roller so that 
PCM-—mortar matrix penetrated inside the textile fabric meshes. The procedure was repeated 
so that the PCM-TRC composites were reinforced with two layers of textile fabric. 
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Textile placement Contact molding technique 


Figure 1 In-situ hand lay-up technique for PCM-TRC composites 


2-2-2 Mechanical characterization 
2-2-2-1 Mechanical tests at constant temperature and variable PCM rate 


Thin PCM-TRC specimens (500 mm-length, 70 mm-width, and 10 mm-thick) consisting of 
PCM-mortar matrix (0, 5, 10, 15 and 20wt% PCM) reinforced with two layers of AR glass fabric 
(which corresponds to a volume rate of reinforcement of 2.66% and 2.1 % in the warp and weft 
directions, respectively and a total fiber fraction volume of 4.76%) were tested under 
unidirectional tensile solicitation in the warp direction of the textile reinforcement (three 
specimens for each PCM content) at an age of 28 days and at a constant temperature of 20°C 
(which means that PCM was in the solid state), according to the recommendation of the Rilem 
committee [8]. 


Test machine Test sample (500<70< 10mm) 


Figure 2 Tensile tests on PCM-TRC composites 
2-2-2-2 Mechanical tests at variable temperature and constant PCM rate 


To analyse the effect of the temperature (and thus the PCM state) on the mechanical performance 
of PCM-TRC, the mechanical strength of the 10wt% PCM-TRC composite was evaluated in two 
different configurations: 


-A- 10wt% PCM-TRC test specimens (500 mm x 70 mm x 10 mm) were maintained at a 
temperature of 20 °C and were then tested under tension at the same temperature. 

-B- 10wt% PCM-TRC test specimens (500 mm x 70 mm x 10 mm) were initially kept at 20 °C 
and then placed in an oven at 40 °C for 6 h to induce phase change of the PCM (from solid to 
liquid). Three minutes after their removal from the oven, the specimens were tested under tension. 


3. RESULTS AND DISCUSSIONS 
3-1 Mechanical characterisation of PCM-TRC composites 
3-1-1 Mechanicals tests at variable PCM rate and constant temperature 


The results obtained during the tensile tests on the PCM-TRC composites at different PCM rates 
(0, 5, 10, 15, and 20wt%) were analysed to determine their average macroscopic constitutive law 
in terms of stress versus strain, as presented in Figure 3. 
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—Reference TRC 
—5wt% PCM-TRC 
—10wt% PCM-TRC 
—15wt% PCM-TRC 
—20wt% PCM-TRC 


Tensile stress (MPa) 


0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 
Strain ¢ (mm/mm) 


Figure 3 Stress versus strain behaviour of PCM-TRC composites during tensile test at T=20°C 


The global behaviour of the PCM-TRC composite (for all PCM rates) can be summarised as 
follows: 


Phase I (see Figure 3) corresponds to a perfectly linear evolution governed by the mechanical 
properties of the matrix up to the initiation of the first macrocrack. During phase II-a (see Figure 
3), the elastic limit of the matrix is reached progressively along the length of the composite, and 
each time a crack is created, the force is transmitted progressively from the matrix towards the 
textile at the location of the crack. In phase II-b (see Figure 3) the textile recovers almost all the 
tractive effort and the stiffness modulus of the composite is governed by the elastic modulus of the 
reinforcing textile and its rate of work. 


The first finding obtained by analysing the stress versus strain curves is that the strain hardening 
behaviour (ductile behaviour) and the matrix/textile charge transfer kinetics are maintained in the 
presence of microencapsulated PCM in TRC. However, it can be seen that the tensile strength of 
the PCM-TRC composites decreases when increasing the PCM rate. 


By analysing in more detail the stress versus strain curves, one can note that: 


In phase I, the stress at the onset of the initial cracking, which corresponds to the elastic limit of 
the PCM-—mortar matrix, decreases with increasing PCM rate. This is explained by the fact that the 
addition of PCM in the mortar weakens its mechanical performance. Similarly, the elastic modulus 
in phase I decreases with decreasing PCM content owing to the weakening of the rigidity of the 
matrix. 


The multicracking phase (phase II-a) is clearly visible in the majority of PCM-TRC composites; 
however no particular conclusion can be drawn as to the effect of the PCM rate on this phase. 


During phase II-b, the load is almost entirely transmitted to the textile reinforcement. It can be 
seen after calculation (see Table 4) that the stiffness modulus of the composite (£3, during phase 
II-b, see Figure 3) decreases with increasing PCM content. The rigidity modulus E3 of the PCM- 
TRC composite in phase II-b is a direct indicator of the textile efficiency (textile rate of work) 
inside the PCM-TRC composite. 


It can also be seen in phase II-b that the strain at failure of the composites is almost constant up to 
the level of 15% PCM, where an increase of the strain at rupture is observed. This is explained by 
the fact that for the 0, 5, and 10wt% PCM-TRC samples, the mode of failure was rupture of the 
textile under tension, whereas for the 15 and 20wt% PCM-TRC samples, rupture occurred by 
delamination of the textile layers due to the weakening of the shear strength of the interlaminar 
layer by the addition of PCM (see Figure 4). 


Indeed, the LVDT sensors positioned on the faces of the 15 and 20wt% PCM-TRC samples 


352 


6 


measured a parasitic displacement due to interlaminar slip upon the occurrence of shear 
delamination, which explains the large increases of the strain at failure for the 15 and 20% PCM- 
TRC samples in comparison with the 0, 5, and 10wt% PCM-TRC composites. 


Reference 5% PCM 10% PCM 15% PCM 20% PCM 


Simultaneous Localised Localised BAe : 
breaking of yarns _ filament failure _ filament failure Delamination failure 


Textile tensile failure 
Figure 4 Failure modes of PCM-TRC composites 


3-1-2 Mechanical tests at variable temperature and constant PCM rate 


The average curves (stress versus strain for three samples) of the tensile behaviour of the 10wt% 
PCM-TRC composite held at 20°C and tested at the same temperature and for the 10wt% PCM- 
TRC composite heated at 40°C for 6 h (to induce PCM phase change) are presented in Figure 5. 
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Delamination 
occurence 


—10wt% PCM-TRC 40°C 


Tensile stress o (MPa) 


—10wt% PCM-TRC 20°C 


0 0,005 0,01 0,015 0,02 0,025 


Strain ¢ (mm/mm) 
Figure 5 Effect of PCM phase change on the mechanical behaviour of 10% PCM-TRC 


From Figure 5, it can be seen that the 10wt% PCM-TRC composite heated at 40°C has a 20% 
lower resistance than the sample held at 20°C. 


By analysing in more detail: 


In phase I, the 10wt% PCM-TRC composite heated at 40°C exhibits a decrease of 25% in stress 
at the onset of cracking (dgy) and a decrease of 33% in the elastic modulus of the matrix (E,) in 
comparison with the composite maintained at 20 °C (Figure 5). This phenomenon is explained 
further in section 3-2 


In phase II-b, the stiffness modulus E3 of the 1Owt% PCM-TRC composite heated at 40 °C shows 
a decrease of ~30% compared with the composite maintained at 20°C (see Figure 5). This is 
explained by a degradation of the intensity of the matrix/textile. 


This trend is confirmed by analysing the failure mode of the 10wt% PCM-TRC sample heated to 


40°C. In fact, the rupture of that sample occurred by delamination between layers of reinforcement 
(see Figure 6) due to the degradation of the shear strength of the interlaminar layer by cracking 
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during placement in the oven. Meanwhile, we can observe that the rupture of the 10wt% PCM- 
TRC composite maintained at 20°C occurred by textile breaking under tension (see Figure 6). 


10% PCM-TRC 20°C 10% PCM-TRC 40°C 


Textile tensile failure Delamination failure 


Figure 6 Effect of PCM phase change on the failure mode of the 1Owt% PCM-TRC sample 


3-2 Explanation of the effect of temperature on the mechanical behaviour of the PCM-TRC 
composites. 


Figure 7 shows the evolution of the longitudinal strain and surface temperature versus time in the 
a 15wt% PCM-TRC sample placed in an oven at 40°C and instrumented with a strain gauge and a 
temperature sensor (the composite is not subjected to any stress solicitation during placement in 
the oven). 


The 15wt% PCM-TRC samples exhibited an increase in the strain, which began in the range 24— 
25°C; this corresponds to the phase change of PCM from the solid state to the liquid state. No strain 
variation was observed in the range 15—23°C (all PCM in the mortar is in the solid state) or in the 
range 34—40°C (all PCM in the mortar has melted and is in the liquid state). In the temperature 
range 25—34°C, the PCM melts gradually from the surface to the internal volume of the sample. 


Correspondingly, analysis of the change of the samples surface temperature as a function of time 
spent in the oven shows a constant rate of temperature increase until 24—25°C, where a slowdown 
in the temperature increase is observed. This is explained by the fact that at 24—25°C, PCM absorbs 
heat from the oven (in the form of latent heat) to undergo phase change, which causes a decrease 
in the rate of temperature increase. 


45 800 


40 


35 


30 


25 


—rTemperature evolution 
20 


Temperature evolution (°C) 
Sample longitudinal strain (um/m) 


—Strain evolution 


i) 20 40 60 80 


Heating time in the oven (min) 


Figure 7 longitudinal strain vs temperature in 15wt% PCM-TRC sample placed in an oven 


From figure 7, it can be seen that the PCM phase change can induce local strain attributed to 
PCM volume change during the melting of PCM. These local strains can induce mortar 
microicracking in the matrix (which explains the decrease of the resistance of the 10wt% PCM- 
TRC placed in the oven in the elastic phase) and in the matrix/textile interface which could 
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Explain the decrease of the textile efficiency (textile rate of work) and also explains delamination 
failure that occurs for the 10wt% PCM-TRC specimen placed in an oven. 


4. CONCLUSION 


This paper focuses on the mechanical characterisation of new PCM-TRC composites derived from 
the association of a non-paraffinic encapsulated PCM modified cementitious matrix and textile 
reinforcement. On the basis of the experimental investigations presented above, the following 
conclusions can be drawn: 


1. The ductile mechanical behaviour and the matrix/textile charge transfer kinetics in the TRC 
composites are maintained in the presence of microencapsulated PCM. 


2. The mechanical performances of the PCM-TRC composites degrade with increasing PCM 
content; furthermore, a critical failure mode by delamination between layers of reinforcement 
is detected for PCM content around 15wt%. 


3. A decrease of the textile rate of work is observed when increasing the PCM content in the 
PCM-TRC composites. This is due to the disorder caused by the PCM in the matrix/textile 
interface area. 


4. The temperature has an effect on the mechanical behaviour of the PCM-TRC composites. A 
drop of tensile strength and a decrease of the textile efficiency work are observed for the 10wt% 
PCM-TRC composite heated at 40°C in comparison with the composite maintained at 20°C. This 
is due to the degradation of the matrix/textile interface caused by multicracking, which is due to 
PCM expansion during its phase change from solid to liquid. 
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SUMMARY: The present study demonstrates a combination of elastic and electro-magnetic wave 
based Non-Destructive Testing (NDT) techniques for the monitoring of the curing state of textile 
reinforced cement (TRC). Millimetre wave (MMW) spectrometry, was used as a non-contact 
high resolution electromagnetic technique that was able to monitor the chemical reactions 
involved in the hydration of cement, and the evaporation of water. In addition, Ultrasound 
Pulse Velocity (UPV) was used as a well-established, elastic wave-based benchmarking 
technique, for monitoring of TRC hardening progress. Results evidenced that UPV was directly 
related to the development of stiffness in the material, while MMW Spectrometry was sensitive 
to chemical reactions at a microstructural level. Interpretation of results and possible 
application of both techniques are also discussed along with their complementarity, which 
makes them a complete technological solution for condition monitoring of thin lightweight 
structural elements during manufacturing as well as in operation. 


KEY WORDS: TRC, UPV, MMW Spectrometry, Curing monitoring, non-contact, NDT. 


356 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT ANDTHIN FIBER 2 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


1. INTRODUCTION 


Recently, increased research and usage of (TRC) composites has been presented 
due their freeform, non-corrosive nature, that allows for reductions in mortar 
utilization [1]. Research has mainly focused on the mechanical behavior of TRC [2]- 
[6]. The cementitious matrix, that occupies the majority of the volume of TRC, is 
responsible for the compressive behavior, the composite durability and the bonding 
with the textiles. Issues with the matrix may result into early failure. Therefore, it 
seems necessary to characterize the cementitious matrix through hydration and 
hardening. 


NDT Techniques, proved to be a powerful tool for monitoring and characterizing 
cementitious composites without affecting, nor compromising their behavior. This 
study consists of a combination of elastic and electromagnetic wave monitoring of the 
curing process of TRC with Ultrasound Pulse Velocity (UPV), a well-established 
NDT technique based on elastic waves, that has been extensively used on cementitious 
media for hydration monitoring [7]—[10]. On the other hand, millimeter wave (MMW) 
spectroscopy, a non-contact Electromagnetic (EM) wave-based technique which has 
shown sensitivity to chemical reactions occurring in cement hydration [11]. At the 
moment, the MMW band has not been used for hydration monitoring, however, lower 
frequency bands have been used for content determination (w/c ratio, s/c ratio) [12]— 
[14], hydration monitoring based on EM properties [15] or setting process monitoring 
[16]. However, higher frequency bands, such as MMW, allow for higher resolution 
measurements, non-contact monitoring and characterization of the TRC specimen. 


UPV could effectively monitor development of stiffness of the cementitious 
matrix of TRC, while MMW spectroscopy, from reflection and transmission 
measurements, was able to continuously monitor the EM properties of the specimens. 
These properties, such as permittivity, show high sensitivity to hydration and curing 
of the cementitious matrix of TRC, which is responsible for the compressive strength 
and the binding of the composite. 


2. EXPERIMENTAL DETAILS 


The MMW Spectrometry setup (illustrated in Figure 1) consisted on a Keysight 
PNA Network Analyzer N5227B with a capacity to operate from 10 MHz-67 GHz. 
The selected frequency band was 46- 66 GHz with 1601 points. Four parabolic mirrors 
were used to refocus the free-space radiation. A response calibration was performed 
directly in the PNA, however, for permittivity calculations, a normalization of 
reflection (S11) and transmission (S21) response was performed taking air as full- 
transmission and metal as full reflection, as follows [17] : 


(Sia casced = S119ir) (1) 


(S1 1metal Sit aie) 


11¢al =z 
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(Sas vensuved x S21 air) ei (z)a (2) 


(Szimecal ce S21air) 


21cal = 


Where the exponential component of equation 2 is a phase correction that 
compensates for the phase change due to the placement of the sample, replacing that 
portion of air. For permittivity calculations, a two-layer algorithm based on the 
propagation paths proposed in [18] was used, where the EM properties of the mold 
were previously measured. And the sample permittivity was calculated by finding a 
permittivity that corresponds to the EM transmission response for each frequency. In 
order to accomplish this, a cost function was implemented and minimized using non- 
linear least squares function in matlab. 


at Q 
io Receiver 


Figure 1. Experimental setup MMW Spectrometry 


The UPV setup (Figure 2) consisted on an Agilent 33220A waveform generator 
set to emit a 10 V single sinusoidal pulse of 150 kHz. Two resonant sensors at 150 
kHz were used (emitter and receiver). The signal passes through the sample (of 10 
mm thickness) and it reaches a receiver that is connected to a preamplifier set to a 
gain of 40 dB and at the same time to a Micro-II Digital AE System (provided by 


Mistras Group). 
—_ E(1-v) (3) 
1 |p *(1+v)(1— 2v) 
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Figure 2. Experimental setup UPV 


The TRC sample was composed of a glass textile reinforcement [19], and a mortar 
matrix that consisted of a water/cement ratio of 0.45, and a sand/cement ratio of 2. 
Additionally, the superplasticizer/cement ratio was 1.25 %. The cement used was 
CEM I of 52.5 N, and the sand 0/2 later sieved for a maximum grain size of 0.875 
mm. The superplasticizer was Sika ViscoCrete-20 Gold, a high water reducer for 
cementitious matrices with a high initial strength [20]. For both tests, the mortar was 
fabricated by mixing the cement with the sand for two minutes at low mixer speed, 
adding water and superplasticizer, and mixing for two minutes at low speed and one 
at high speed. The mortar was introduced into the corresponding molds and vibrated 
for one minute. The measuring frequency of both techniques was | Hz, for measuring 
time of 24 hours. 


3. RESULTS 


In Figure 3 A), the evolution of UPV for an indicative TRC specimen of 10mm 
thickness is given. By tracking the UPV evolution, one can estimate the stiffness 
progressive gain. Approximately at 3 hours after mixing, the UPV increases, but the 
rising rate starts to drop. In figure 3 B), it is possible to see the evolution of the 
magnitude of the transmitted EM wave in the millimeter band that shows high 
sensitivity to the presence of free water and to the chemical reactions in which free 
water is incorporated into the structure of hydrated cement, where it is possible to 
distinguish a dormant period, and an acceleration period in which on the one side the 
stiffness of the specimen was increasing (see UPV) and, on the other side, the 
chemical reactions caused changes in the microstructure of the cementitious matrix, 
changing the EM properties of the material and allowing more transmission. 
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Afterwards, a deceleration period is presented for both NDT’s evidencing a slower 
rate of reactions and changes in the stiffness and microstructure of the samples. 


US Wave Velocity $21 (dB) 
3000 -30 b 
a. —TRC : 
2500 -35 
@ 2000 -40 
E a 
2 1500 S45 
8 8 
o 
> 1000 -50 
500 55 
0 -60 
0 5 10 15 20 5 10 15 20 
Time (Hours) Time (Hours) 
Figure 3. A) UPV TRC of 10 mm thickness B) Transmission MMW 


Spectrometry different specimens. 


Figure 4. Ficure4— illustrates the evolution of The Young modulus for TRC, where 
it is possible to see a dormant period for 3-4 hours, followed by a rapid stiffness 
increase until 7-10 hours, where the curve seems to increase at a lower rate. Finally, 
at 24 hours the Young’s modulus of TRC reaches more than 13 GPa. Beyond this 
point, a lower increase in stiffness is expected until it becomes negligible. 


: Young modulus (GPa) 


Young modulus (GPa) 


0 5 10 15 20 
Time (Hours) 


Figure 4. Young’s modulus TRC of 10 mm thickness 
Figure 5Fieure illustrates the permittivity of the TRC specimens for frequencies 


between 46-66 GHz at indicative times. The change in permittivity with time is 
attributed to the ongoing physicochemical reactions occurring due to hydration. It is 
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clear that besides the age-dependency of the permittivity during curing, there is also 
a frequency dependence where higher frequencies present lower permittivity, which 
is mainly caused by a reduced dipolar relaxation of water molecules. In addition, 
please note that more hydrated specimens present less fluctuations in the permittivity. 


95, Real permittivity 24 hours TRC 2 2 Imaginary permittivity 24 hours TRC 2 
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Figure 5. a) Real and b) Imaginary permittivity of TRC specimens 


4. CONCLUSIONS 


This paper illustrates a multi-modal NDT approach for monitoring TRC during 
curing in order to follow the physicochemical changes occurring due to the hydration 
of the cementitious matrix. The final aim is to provide a non-destructive methodology 
for quality control of TRCs. The information obtained from both techniques has 
shown to be complementary. On one hand, MMW spectrometry shows high 
sensitivity to the presence and structure and binding of water molecules, and therefore 
to the chemical reactions involving water. While UPV, shows sensitivity to the 
development of stiffness. Further experiments should focus on damage , and hydration 
quantification, and in-situ monitoring. 
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SUMMARY: In the first part, study deals with desizing tests on carbon (C) and basalt (B) textiles 
and its influence on ultimate tensile strength of fibres. Different desizing methods were used: 
carbonisation and chemical actions. SEM observations showed that phosphoric acid treatment 
alters partially the two types of fibres, and mostly that of B fibres. Only heating at 200°C or 
300°C (2h) and other treatments did not present the surface alteration. The average tensile 
strength is reduced of 54 % after C fibre desizing. In second part, a “pin” device was developed 
for tensile strength tests of carbon yarns. The desizing treatments reduce the tensile strength of 
carbon composites, especially the combination of 200°C and phosphoric acid treatment, that 
may damage the fibre surface and/or aggravate the existing surface flaws. Coating treatments 
and geopolymer application did not present the significant effect on tensile strength of 
composites. Adding the micro silica powder to the aqueous organic binder, enhances adhesion 
between the reinforcement and matrix and increases the composite tensile strength. 


KEY WORDS: desizing, carbon, basalt, heating, tensile strength 


1. INTRODUCTION 


Maintenance of the infrastructures is a guarantee of user and property security. In this 
respect, the application of Textile Reinforced Cement (TRC) in a construction sector 
was well developed over the past ten years [1]. The interface (or interphase [2]) in 
TRC is a surface formed by a boundary between fibre and matrix for the transfer of 
loads. Adequate interfacial adhesion provides composites with structural integrity. 
However, the relatively weak interlaminar properties limit the composite performance 
and service duration [3]. To examine the interfacial adhesion, some desizing and/or 
coating technics were proposed in this paper. 


Carbon and basalt fibres require a sizing operation for lubricant deposit on the surface 
of the fibres to protect from damage during subsequent textile processing, to enhance 
sliding and flexibility and thus facilitate its handling [4]. However, commercial sizing 
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may have defects during processing [5,6]. First, the sizing layer, located at the fibre / 
matrix interface, can weaken this interface and led to the considerable loss of 
mechanical performances of the composite material. Second, the fibres which have 
surface sizing are integral with each other and prevent the matrix from dispersing 
homogeneously around each filament [7]. Moreover, sizing is a critical factor in the 
fibre-matrix interaction. Using the manufactured sizing could negatively influence the 
interface properties, decreasing the tensile strength. 


Deak et al. and Arslan et al. [8,9] showed that the desizing of industrial coating and 
sizing by relevant coupling agents could improve the interface properties and enhance 
the mechanical resistance. The aim of this exploratory study is to examine the textile 
alteration degree after desizing, using the tensile strength tests. The first part of the 
study presents different desizing techniques, based on carbonisation and/or chemical 
mechanisms. In the second part, the desized and coated carbon yarns are subjected to 
tensile strength tests basing on developed “pin” device. 


2. DESIZING OF TEXTILE FIBRES 
2.1 Materials and methods 


In the first part of the work, desizing techniques were applied on carbon and basalt 
textiles (Table 1). The diameter of carbon textile (Figure 1 (a)) is 7 um with 12000 as 
number of filaments per yarn. The diameter of basalt fibres (Figure 1(b)) is 17 um 
with 1200 filaments per yarn. 


Table 1 Carbon and basalt fibres characteristics 


lini 
Carbon | BCF (a) 
Textile fibres TORAY | Basaltex 
T700S 19 - 1200 
Density (g/cm3) 1.8 2.67 
Sizing type eu Silane 
Filament diameter 
(um) U Hf Smm 

Y : f ha i 

jammed 12000 1500 

roving (Tex) 

Fibre tensile 

strength (MPa) ee eae | Uy 
Young’s modulus i | 

(GPa) 230 87-90 I i 
Tene — (%) 21 = Figure 1 Tested carbon (a) and 
emperature - ‘ 

stability (°C) 300 1200 basalt (b) textiles 

Textile tensile 

strength(MPa) ane ° 
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DESIZING TESTS OF CARBON AND BASALT FIBERS AND ITS EFFECT ON 3 
TENSILE STRENGTH 


The carbon and basalt yarns were subjected to different types of desizing, which are 
resumed in Table 2. Globally, the program was based on adhesion bonding mechanism 
by acid-alkaline interactions. 


First, the fibres were heated up to 200 °C or 300°C in an electric oven of 30 cm (h) x 
40 cm (w) x 60 cm (d). The applied temperature rise was 4 °C/ min with a stabilization 
level of 60 min. Second, the treatments were carried out. Impregnation in different 
solutions lasted maximum 5 min with a drying phase of 24 h minimum. 


Table 2 Desizing techniques 


Non heated 200°C 300°C 

(NT) Non | (NT200) Non treated, (NT300) Non treated, 

treated, (PA200) Phosphoric acid, (PA300) Phosphoric acid, 

(PA) Phosphoric | (A200) Acetone, (A300) Acetone, 

acid (U200) Ultrasound in water during 10 min, | (V300) White vinegar 
(E200) Ethanol 


Desized specimens, which showed the modification in sizing layers, were subjected 
to tensile tests. 


2.2 SEM observations 
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Figure 2 SEM observations of the sized (a, c) and 
desized (b, d) (200°C+PA treatment) carbon (C) and 
basalt (B) fibres. 


2.3 Tensile strength test 


Carbon and basalt fibre surface 
was observed by SEM 
(Scanning Electron 
Microscopy) before and after 
desizing. It was showed that 
the sizing layer is distributed 
non-uniformly on the fibre 
surface. It is probably due to 
the sizing process. 


Burning at 200°C or 300°C 
and posterior treatment by PA 
(PA200) showed partial 
degradation of the surface 
layer of carbon and _ basalt 
fibres (Figure 2). The volume 
of desized fibres was higher 
for basalt: the organic layer has 
partially disappeared and a 
lighter surface is visible on 
Figure 2 (d). In turn, carbon 
mesh present only singular 
desized fibres Figure 2 (b). The 
other mentioned treatments did 
not show any alteration. 


Rectangular textile specimens (650 mm x 10 mm) are subjected to a monotonic direct 
tensile strength test until failure [10]. A universal machine (Wolpert) is used (Figure 
4). A displacement control is applied with a | mm/minute speed, preceded by a 


preload phase of 500 N and a speed of 5 mm/min. 


Figure 3 shows the evolution of tensile strength for C fibres related to the desizing 
treatment (heated at 200°C and heated at 200°C + phosphoric acid). During tensile 
test, brittle behaviour was observed. Non treated specimens present higher values of 
tensile strengths than that subjected to desizing. The tensile strength was reduced of 
46 % for NT200 and of 61 % for PA200. Heating and PA treatment damage the 
superficial fibres layer and/or aggravate the existing surface flaws. 
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= 400 
S 300 
6 200 
- i; 
0 
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NT200 PA200 


Figure 3 Tensile strength 
of C fibres 


Figure 4 Experimental set- 
up for tensile strength test 


3. SURFACE TREATMENT FOR TRC APPLICATION 


3.1 Design of testing device 


In the second part of the work, the carbon yarns were prepared for tensile strength 
tests. As showed in the literature [3], the use of common test model [11] could be 
improved, because the anchorage zone in the grip of the apparatus is not enough 
important. To avoid the sliding phenomenon in the jaws and the defibering problems, 
the “pin” device is developed for the specimen preparation (Figure 5) [12]. Four layers 
of carbon fibres were wrapped around the pinhead and cured for 24 h at room 
temperature. Each layer was desized/coated in advance with the treatments indicated 
in Table 4 and Table 5. 


The “pin” device plan is showed on Figure 6. The device is composed of two 
assembled bolted parts. The yarns of carbon are wrapped in the middle, after 24 h the 
lower part of the device is dissociated, allowing the easy remove of the yarns. 


Figure 5 Device for sample preparation 
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40cm 


Figure 6 Plan of "pin" device 


3.2 Textile yarns 


The carbon TORAY in a form of yarns was chosen for the “pin” tests. Its 
characteristics are presented in Table 3. Some of desizing treatments of the first part, 
were tested mechanically in this part of the study (Table 4 “Desizing treatments of 
carbon yarns”). 


Table 3 Carbon yarns characteristics 


ae Carbon TORAY 
Textile fibres T700SC-50 
Density (g/cm3) 1.8 
Sizing type Epoxy SR 8100/SD8824 
Filament diameter 
7 
(um) 
Yarn count of roving (Tex) 12000 
Tensile strength (MPa) 4900 
Young’s modulus (GPa) 230 
Tensile strain (%) 2.1 
Temperature stability (°C) 300 
Number of layers 4 


Table 4 Surface treatments of carbon yarns 
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SUMMARY: This paper notes the lack of substantial progress in ferrocement during the past 
decade. 


KEY WORDS: Ferrocement, 
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Ferrocement in Brazil has develop Armed Mortar combined the technique of the 
Group of the Sao Carlos USP Engineering School with the design and construction 
method of Architect Lelé. At COPASA, from the 90s until today, he combined the 
Handcrafted Ferrocement of Professor Alexandre Didgenes — UFC — with sanitation 
technologies. These are strong foundations that, combined with the current advances 
in the matrix in MicroCAD and armor in PRF, signal a promising future. 


The Companhia de Saneamento de Minas Gerais - COPASA MG ~ has the largest 
application of ferrocement in sanitation works in Brazil. There are dozens of Water 
Treatment Plants with a capacity between 3 and 150 L/s; Sewage Treatment Stations 
with modules for 1,000 to 8,000 inhabitants and hundreds of reservoirs with an 
average volume of 150,000 liters. 


The Company sought the technology of Prof. Alexandre Diégenes (DIOGENES, 
1987) and since the 90's he has been investing in training, structural studies and 
implementation works. Ferrocement works result in savings of up to 70% in the cost 
of implementation. As it is a material close to reinforced concrete, using the same 
materials, the labor was easy to learn. 


COPASA developed dozens of Standard Projects and Technical Standard T.186 
“Ferrocement for Sanitation Works” (COPASA, 2016). And today New Standards are 
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developed by contracted design companies, which provide for the ultimate internal 
protection against the harmful effects of gases. 


The fact that the Sanitation Company has used the ferrocement technique intensively 
has given its approval to be applied by builders throughout the State. The construction 
of reservoirs of up to 200,000 liters in the northern semiarid region is a reality. 


Ferrocimento arrived in Brazil in lectures by Eng. Pier Luigi Nervi, circa 1960. He 
was received by the Sao Carlos Group EESC-USP, where they developed 
industrialized production, called Armada Mortar (HANAI, 1992). With the use of 
metallic forms, reduction in the steel density of the material and application of the 
prefabricated industry model. 


Received the trace of the Architect Joao Filgueiras Lima, Lelé, from the 80's, projects 
of Schools, Urban Equipments and Hospitals were developed with harmony and low 
cost. Armed mortar works can be found throughout the national territory. 


Research continues to improve the material. Prof. Paulo Campos, organizer of the 
book MicroCAD, Cyted (CAMPOS, 2013), explains the use of High-Performance 
Micro Concrete (fck 120 MPa) in light pieces of reinforced mortar with application 
focused on housing of social interest. 


The typical MicroCAD element features: 
e Water/cement ratio less than 0.4 to 0.20; 
e Complementary active additions to the cement (microsilica, metakaolin, 
flying cenizas, etc.) with particles smaller than 100 microns, applied in 5 to 
15% by weight of the cement; 
e Use of superplasticizers in order to obtain workability of the mortar with 
reduced amount of water. 
The increase in the matrix density generated by the compactness of the arid areas 
increases the resistance and decreases the permeability. Uses external vibration or 
self-compacting additives and attention to curing. 


The use of diffuse reinforcement, composed of fine wire meshes and continuous or 
discontinuous fibers, combats cracking and also makes it possible to resist tensile 
stresses. 


The 12th International Symposium on Ferrocement and Thin Cement Materials, 
which took place in Belo Horizonte, July 2018, institutionalized the technique for the 
technical public. Assisted by an audience from different regions from Brazil, such as 


396 


PAPER TITLE 3 


Minas Gerais, Rio de Janeiro, SAo Paulo and Bahia, it has generated several academic 
works. 


Based on Ferro12, the Brazilian Ferrocement Society — SBF was created, and aims to 
bring together institutions, professionals dedicated to studies and construction in 
ferrocement and the promotion of personnel training and technological development. 
SBF has been working with the Brazilian Technical Standards Association - ABNT 
— to standardize ferrocement at the national level. 


The reinforcement using Fiber Reinforced Polymers — PRF — published, in February 
2021, the publication of standards by ABNT for fiber reinforced concrete — Quality 
control (ABNT NBR 16938, 2021) and Test methods. Which represents an update 
that may soon be applied to ferrocement/reinforced mortar. 


Ferrocement is today a technological option in sanitation in the State of Minas Gerais, 
based on the applied experience of COPASA. So too, the Armada Mortar spread 
nationally and worldwide in prefabricated buildings. 


The technologies associated and added by the MicroCAD matrix and armor in PRF, 
seasoned with Brazilian creativity, may bring solutions for social housing and basic 
sanitation to Brazil and the World. 


ABNT NBR 16938. Concreto reforcado com fibras — Controle da qualidade. Sao 
Paulo: ABNT, 2021. 


CAMPOS, Paulo E. F. Microconcreto de alto desempefio: la tecnologia del 
MicroCAD aplicada em la construcci6n del habitat social. S4o Paulo: Mandarim, 
2013. 


COPASA. Norma Técnica T.186: Ferrocimento para obras de saneamento. Belo 
Horizonte: COPASA, 2016. 


DIOGENES, Alexandre. Cartilha de Ferrocimento Artesanal. Fortaleza, Ceara: 
UFC, 1987. 


HANAL Jodo B. Construgées de argamassa armada: fundamentos tecnol6gicos 
para projeto e execugdo. Sao Paulo: PINI, 1992 
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SUMMARY: Existing buildings erected before the obligation to apply the seismic rules or 
before their publication, are often located in the center of the agglomerations, they were the 
first built. The expectation of a natural replacement of the existing building by new 
construction, in accordance with seismic rules, seems irrelevant. It is therefore necessary to 
undertake preventive reinforcement operations to reduce the probability of losses in the event 
of an earthquake. In this case the study of the vulnerability is necessary to allow the building 
owners to carry out an upgrade of the existing constructions by repair or reinforcement. This 
requires the establishment of a strategy for rehabilitation, the reduction of the seismic level, 
improving the level of performance, and the choice of methods for estimating the vulnerability 
of constructions. The objective of this article is to create an overview of the solutions related 
to the seismic rehabilitation and the level of performance of buildings to adopt an effective 
rehabilitation strategy. The results obtained by applying methods of calculation and analysis 
of the vulnerability of structures such as nonlinear static analysis methods "Pushover", on 
reinforced concrete constructions of the beam-column type and reinforced by bracing shear 
walls, show the difference in behavior of structures before and after rehabilitation during the 
earthquake and also locate dangerous areas in the different elements of resistance in order to 
choose the appropriate techniques for the work of comfort. 


KEY WORDS: vulnerability, earthquake, rehabilitation, building, Pushover analysis. 


398 


THE 13TH INTERNATIONAL SYMPOSIUM ON FERROCEMENT ANDTHIN FIBER 2 
REINFORCED INORGANIC MATRICES 
LYON, FRANCE, JUNE 21-23, 2021 


1. INTRODUCTION 


The old reinforced concrete buildings generally designed before the appearance 
of seismic codes, which is insufficient for earthquakes. Past earthquakes: San 
Fernando in 1971, Kobe in Japan in 1995, Turkey in 1999, Boumerdes in Algeria in 
2003, etc., have heavily damaged or destroyed many buildings designed according 
to ancient codes [1, 2]. After earthquake, these structures require reinforcement or 
repair work. The repair is suitable for all the work that must be performed on a 
structure damaged by the earthquake, to restore its original characteristics. The 
reinforcement mainly applies to buildings not yet solicited by the seismic action. 
The approach of the problem will therefore not be the same in both cases. Two 
major families of approaches are possible to reduce the seismic risk: reducing the 
level of seismic loads to which the structure could be exposed or improving the level 
of performance. Seismic aggression on structures is not constituted by applied 
forces, but by the kinetic energy generated during the imposed displacements of the 
ground of seat and whose action is translated by deformations of the construction. If 
all the kinetic energy present in the construction is absorbed by temporary storage 
(thanks to the elastic deformations) and by dissipation (during non-elastic 
deformations), there is no breakage of structural elements. Rehabilitation requires 
the study of the vulnerability of the structure before beginning the work of comfort. 
It is a key element in seismic risk reduction or prevention strategies where several 
models and methodologies have emerged. They include: HAZUS[3] and Risk-UE 
[4]. They make it possible to estimate the damage on different typologies of 
structures through the establishment of vulnerability curves (fragility). In this 
research we will use the "Pushover" analysis used by the ATC 40 to study the 
vulnerability of the constructions against the earthquake. The safety levels according 
to ATC 40 (Figure 1) are: Immediate occupation (IO), Life Safety (LS) and Collapse 
Prevention (CP). The other points: collapse (C) and Ruin (D). 


Displacement 


Figure 1. Force-displacement relationship used in SAP 2000 
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2. STRATEGY OF REHABILITATION 


The different strategies (Figure 2), to improve the level of performance of a 
building after rehabilitation [5, 6, 7] are: Increased resistance and decreased 
dissipation, increasing the resistance without modifying the dissipativity, increased 
resistance and dissipation, increased dissipation without modifying the resistance, 
lowering of resistance and significant increase of dissipativity, etc. The increase in 
dissipation is limited by the maximum deformations compatible with the desired 
level of performance. 


@ Building to be rehabilitated 
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Figure 2. Rehabilitation Strategies 


3. IMPROVING THE PERFORMANCE LEVEL OF BUILDING 


The damage of a structure is rather the consequence of an excessive deformation 
than of an overcoming of resistance. To limit the disorders, it is necessary to control 
the deformations by the increase of the capacity of resistance, ductility and / or 
resistance, etc. (Figure 3). Among the means of improving the level of performance: 
strengthening and improving the level of dissipativity. Reinforcement is the most 
traditional and frequent strategy during the earthquake rehabilitation of a building, to 
which it gives a better mechanical resistance [8, 9, 10]. It can involve several 
operations: creation of a new bracing system, reinforcement filler panels, increasing 
the section of elements by lining, etc. The strategy of improving dissipation is very 
advantageous because it allows a reduction in the level of mechanical strength of the 
structure to be achieved. The dissipativity of a construction can be improved in 
several ways [11]: increased ductility of the structure[12, 13], use of dampers, etc. 
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4. STUDY OF VULNERABILITY 
4.1. Description and Modeling of the structure 


This is a reinforced concrete structure composed of a ground floor plus 5 floors. 
Hollow floors of 20 cm thick, Dimensions are (30x45) cm for beams (S1, $2, S3), 
(30x35) for chaining (S4), (30x40) for columns and 15 cm thick for bracing shear 
walls. The floor height is 315 cm. The structure is located in a class Ila seismic zone 
[14], with a soft floor (Figure 4). Columns and beams are modeled by beam-type 
elements split into three finite elements. For the plastic hinges, the choice was made 
on the hinges defined according to FEMA 356 [15] integrated in SAP2000. For the 
calculation of the plastic rotations M3 is used for the beams and (P-M2-M3) for the 
columns. The materials used are: Concrete fc28 = 25 MPa, steel FeE400 for 
longitudinal reinforcement and FeE235 for transverse reinforcement. 


Figure 4. Characteristics of the building 
(a) 3D view, beam-columns 
(b) 3D view, columns-beams-shear walls 
(c) Plan view 


5. ANALYSIS OF RESULTS 


5.1. Determination of the "Pushover" curve 
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We used the non-linear SAP2000 version 14 software [16]. Firstly the results are 
shown as a curve which connects the shear force at the base and moving to the top of 
the structure to determine the most vulnerable direction. For the seismic coefficients 
we take Ca = 0.28 and Cv = 0.40. They correspond to zone IIa and loose soil. 


5.1.1. Column-beam structure 


a. Direction x-x and y-y 


From the Pushover analysis we can conclude that the appearance of the plastic 
hinges in the x-x direction corresponds to a shear force V = 409.351 tf and a 
displacement D = 0.129 m. We note that there is formation of plastic hinges type C 
(collapse) in a few columns on the ground floor and first floor. They present a 
danger for the structure (Figure 5). For the y-y direction, the appearance of the 
plastic hinges corresponds to a shear force V = 215.320 tf and D = 0.212 m. The 
structure is more vulnerable in this direction. We note that there is formation of 
plastic hinges type C (collapse) in some beams and columns and Type D (ruin) only 
in the beams (figure 6). The insertion of reinforcing elements into the structure is 
one of the curative methods for increasing resistance. 
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5.1.2. Structure column-beam and bracing shear walls 


a. Sense x-x et y-y 


After the introduction of the shear walls, the capacity of the structure in the x-x 
direction is V = 833.401 tf and a displacement D = 0.051 m. We note the formation 
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of plastic hinges type C and D only in the columns (Figure 9). In the y-y direction, 
the capacity of the structure is V = 811.393 tf and D = 0.060 m. We note the 
formation of plastic hinges type C only tin wo columns of ground floor (figure 10). 
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Figure 10. Formation of plastic 
hinges, sense y-y 


Figure 9. Formation of plastic 
hinges, sense x-x 


5.1.3 Comparison of results 
The results of the pushover analysis are shown in Table 1. After addition of shear 
walls, the structure became more rigid with respect to the beam-column structure. 


Table 1. comparison of results 


Period Shear force Displacement 
Structure 
T(s) V(tf) D(m) 
Columns-beams: x 1.228 409.351 0.129 
Columns-beams+shear walls: x 0.471 833.401 0.051 
Columns-beams: y 2.189 215.320 0.212 
Columns-beams+ shear walls: y 0.504 811.393 0.060 
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CONCLUSIONS 


Rehabilitation is an operation which applies the decisions taken by the 
contracting authorities after study of the vulnerability of buildings. The latter 
presents some difficulties especially for the old constructions namely the shade and 
the quantity of the steel of reinforcement as well as the characteristics of the 
concrete and the nature of the ground of foundation. The knowledge of the level of 
security of the elements facilitates the choice of reinforcement and / or repair 
methods necessary to ensure the overall safety of the structure. Vulnerability can be 
reduced and the level of performance can be improved by applying certain 
recommendations such as weight reduction, reinforcement of superstructure and use 
of earthquake-resistant supports in foundations. The type and position of 
reinforcement elements to be introduced can change the behavior of the structure. 
The results presented here are examples of use for damage assessment and provide a 
first estimate of risk levels and decision support from the public authorities in 
assessing the risk of a building in its existing state. 
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